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ABSTRACT

A program of applied research; component development and extended

testing on a 10 mlb thrust engine is reported. High performance was

achieved with both electromagnet and permanent magnet versions of the

engine. An electromagnet engine was operated for a totai thrusting

time of 2610 hours at the nominal design point of 7000 seconds spec-

ific impulse, l0 mlb thrust and a power-to-thrust ratio of 182 k_/lb.

A 100 mlb engine design and results of tests of a new neutraIizer con-

cept are reported. L_ll._)
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SUMMARY

This summary report of the period 24 February 1964 to 25 June

1965 describes the work performed under Contract NAS3-5250, "Ion

Rocket System Research and Development." The objective of the

program was to demonstrate reliability and long life through extended

tests of an engine and zero-gravity feed system. Through life test-

ing and development of improved engine components an engine with a

projected minimum lifetime of i0,000 to 20,000 hours was obtained.

Three consecutive tests of one such engine and feed system ran until

the cesium supply was exhausted for an accumulated time of 2610

hours. Less than one percent of the initial cesium load remained in

the feed system at the termination of each test.

Applied research programs led to the development of both elec-

tromagnet and permanent magnet engines with overall efficiencies

ranging from 55 percent at 3000 seconds to 87 percent at 9000 seconds.

The nominal operating level for both engines was i0 mlb of thrust at

a specific impulse of 7000 seconds and a power-to-thrust ratio of

182 kw/ib.

A conceptual design study of a large engine, with supporting

tests of new concepts, culminated in a design of an engine expected

to have a thrust of I00 mlb at 5000 seconds specific impulse and a

power-to-thrust ratio of 145 kw/Ib.

Tests of an advanced neutralizer concept developed at EOS were

conducted at the end of the program using a permanent magnet engine.

4920-Final
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i. INTRODUCTION

The work described in this report was performed under Contract

NAS3-5250 administered by the National Aeronautics and Space Admin-

istration's Lewis Research Center (NASA-LeRC). This program was a

follow-on to completed contract NAS3-2516 and was based on continued

development and testing of the I0 mlb thrust engine and feed system

developed under that contract and applied research related to improve-

ment of the I0 mlb engine. This report describes the development and

testing of an improved engine which operated successfully for 2610

hours, research on autocathode, studies of the plasma distributions,

and development of a lightweight permanent magnet engine. A con-

ceptual design of a i00 mlb engine is presented.

i.i Previous Work

The first demonstration that a low density plasma might

make a satisfactory ion source for electric propulsion was made by

H. Kaufman of NASA-LeRC in 1960.

The Kaufman source, using mercury as propellant, consists

of a thermionic cathode placed inside a cylindrical anode with a

magnetic field parallel to the axis of the system. A plasma is gen-

erated within the cylinder, and those ions which drift to one end

are extracted through apertures in a screen by an accelerating

electrode. This source differs from the Finkelstein oscillating-

electron source primarily in the use of the gridded anticathode or

screen electrode through which ions are withdrawn. The mercury ion

engine has since been brought to a very high state of development

by Kaufman and Reader at NASA-LeRC.

In 1961, following the Ksufman source, Forrester and

Speiser of EOS proposed the use of cesium in an electron-bombard-

ment ion engine to take advantage of several unique properties of

4920-Final I
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such a system. The source differs from the mercury source in that

cesium is introduced through the cathode which is a cesiated ther-

mionic emitter. In addition, the cathode is heated by ion bombard-

ment from the plasma. This is feasible in the cesium source because

the bombarding energy is below the sputtering threshold. Other ad-

vantages accruing from the use of cesium are lower arc voltage,

lower magnetic field, the absence of doubly charged ions, and a very

high percentage of ionization.

The cesium ion source was investigated at EOS under Con-

tract NAS8-2511, "Study of a Gas Discharge Cesium Ion Source." Two

engines, 6.5 and I0 cm in diameter, which were built and tested

proved the feasibility of the use of cesium.

Under a follow-on contract from NASA-LeRC (Contract NAS3-

2516) a 12.5 cm source was developed. Complete engine systems in-

cluding zero-gravity feed systems and laboratory power supplies and

control systems were developed. At the end of this program two

complete engine systems were delivered to NASA-LeRC. A description

of these systems may be found in Ref. I. These systems were used

extensively under the program herein reported.

1.2 Program Objectives

The objectives of this program were to continue develop-

ment and testing of the engine system developed under Contract NAS3-

2516 (engine system designated DE) to achieve demonstrated long life

and reliability. It included elimination of short and long term

failure modes and evaluation of lifetime limitations. A quality

assurance and reliability program was followed on this task.

In addition to the long-life engine and feed system program,

three research and development programs were conducted. They were:

i. Design, fabrication, and testing of a permanent magnet

version of the DE engine.

2. Plasma distribution studies to investigate basic means of

improving engine operation and lifetime.

4920-Final 2



3. Autocathode improvementstudies to reduce the starting re-

quirements of cesium election bombardmention engines.
A preliminary study of engine scaling parameters based on

existing engine characteristics and a conceptual design of a large

engine was the last program objective.

1.3 Organization of Report

Development of components of the DE engine system conducted

under the long-life engine and feed system program is described in

Section 2. The DF engine system was developed with input from the

applied research tasks. Section 3 describes the three long tests

of the DF engine system in which 2610 hours of operation were accum-

ulated on a single engine and feed system. The applied research

tasks and conceptual design of a large engine are described in

Section 4.

Appendix A describes the quality assurance plan used on

the long life engine and feed system program. It includes a su=_ary

of the quality activities conducted during the program.

The authors wish to thank Mr. G. E. Trump for his assist-

ance with the feed systems, Mr. K. G. Wood and Mr. V. V. Fosnight

who worked on engine development and testing, and Mr. D. P. West,

our designer. Special thanks are due Mr. D. L. Henderson who per-

formed the emittance measurements and Dr. J. Perel and Mr. H. L. Daley

who performed the sputtering measurements.
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2. ENGINECOMPONENTDEVELOPMENT

This program beganwith the DE engine system which is described

in detail in Ref. i. Refinements of the DE engine design and some

new componentswere required for extended testing. Electrode mate-
rials were studied and a feed system capable of operation for over

750 hours was developed. Tests of 281 hours and 231 hours were then

conducted with a DEengine system. Improvements in engine design

resulting from the applied research effort were incorporated and the

system designated DF was developed.

2.1 Electrode Materials Tests

A test of the DE engine system conducted early in the pro-

gram was terminated after 23 hours of operation when the accelerator

electrode drain current rose to 25 mA or nearly six percent of the

beam current.

These high drain conditions, occurring with a molybdenum

accelerating electrode, were investigated. Selected electrode

materials were evaluated on the bases of performance on an operating

engine and sputtering yield. Emittance measurements were made on

aluminum.

2.1.1 High Drain Current Mechanism

After the 23-hour test was terminated, high voltage

was turned back on and the drains were measured as a function of

accelerator gap voltage as the engine cooled. The results are shown

in Fig° I. The temperatures were measured at the engine shell and are

only roughly indicative of the screen electrode or accelerator elec-

trode temperatures. The drain current gap voltage relationship is

highly nonlinear and suggests a field-enhanced emission effect,

although the temperatures and magnitude of the field in the gap are

much too low to give these phenomena for cesiated molybdenum.

4920-Final 4
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After a long cooling period, the engine was restarted and

after several hours high drains were again encountered. The feed system

and arc power were removed and the data of Fig. 2 taken. For the two

sets of data taken for normal polarity, the differences are partly

due to cooling of the system but there was a significant hysteresis

effect. The voltages applied to the electrodes were then reversed and

the third set of data taken. The higher current for this case was

significant as it indicated that the electrode surface effect giving

rise to the drain current was more pronounced on the screen electrode

than on the accelerating electrode° Since the screen electrode ran

hotter and presumably stayed hotter than the accelerating electrode

during the time both were cooling, the higher current with reversed

polarity was consistent with an electron emission hypothesis.

Although not conclusive, these data and other infor-

mation to be discussed led to the following hypothesis. With time,

a composite Cs-O-Mo surface forms on the molybdenum accelerating

electrode° The electrode temperature, surface conditions, and elec-

tric field are such that electron emission occurs° The electron

current, accelerated across the gap, heats the screen electrode and

engine° Subsequently, by conduction and radiation, the accelerating

electrode is heated which increases the electron emission. The drains

then continue to increase to a high value by this mechanism.

Although the Malter effect may play a role, the main

mechanism is probably field-enhanced thermionic emission or the

Schottky effect. Anomalies introduced by "patch effects" lead to

the anomalous Schottky effect in which the current-voltage relation-

ship may be such as that observed in Figs° i and 2o

Accelerating electrode temperatures were measured for

operating engines. For typical operating conditions the temperature

was determined to be about 300°C in the center and about 270°0 at the

periphery° At these temperatures, Schottky-enhanced thermionic

emission from a Cs-Mo surface would be much too small to explain the
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observed drain currents, but emission from a Cs-O-Mosurface would be

about i000 times higher and in the right range. Experiments investi-

gating the drain currents in contact cesium ion engines are reported

in EOSReport 3830-Final, "Applied Research on Contact Ionization

Thrustor," (APLTDR64-52)_ pages329-367. In these experiments it

was found that under conditions in which the accelerating electrode
temperature was at about 300°0, the admission of oxygen into the

vacuumsystem increased the drain current by a factor of 5. This test

was madewith a copper electrode but the drain mechanismis probably
the same°

The Cs-O-Mosurface exhibits high electron emission

in an intermediate temperature range (perhaps 300-700°C). At lower

temperatures the composite surface exists but is too cool to give high

emission. At higher temperatures, the composite surface is decomposed
and the work function is too high to give high emission.

Other evidence exists that the drains are due to

electron emission from the accelerating electrode° As the drains

increase, the temperature of the cathode mounting plate at the rear
of the engine is observed to increase° This is considered to be due

to bombardmentof the plate by someof the electrons accelerated

across the accelerator gap° Thehigh energy of these electrons

(4-5 kev) is such that only a small fraction of the electrons need pass

through the screen electrode apertures to provide the observed cathode

plate heating°

Temperature Dependence

A series of measurements of the accelerator drain

current as a function of accelerator temperature were made to determine

the effect of temperature and oxygen on the drain current.

For these tests a heater was brazed around the

periphery of the hole pattern of a molybdenum accelerator electrode

and a thermocouple was attached to the support point of the accelerator°

A bleed valve was connected to the vacuum system for admission of air

or oxygen°
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The engine was operated at approximately 8 milli-

pounds thrust with a screen-to-accelerator potential difference of
5000 volts. The reduced thrust level was used to allow the acceler-

ator to operate below its normal operating temperature° The neutral

efflux was adjusted to be equivalent to 40-50 mAcorresponding to the
neutral efflux under full thrust conditions. With steady-state opera-

tion established the accelerator heater was turned on. Drain current

was recorded as a function of temperature until the accelerator tem-

perature reached 300o0° The heater was then turned off and drain
current was recorded as a function of temperature until the initial

operating conditions were regained°
The data obtained are shownby the circled data

points in Fig. 3. The apparent hystereses in the data are probably

due to slow changes in the equilibrium surface conditions on the

accelerator and to a temperature difference between the emissive sur-

face and the point at which the thermocouple was attached. The length

of the support arm coupled with the heat capacity of the support
insulator and shield should cause the measured temperature to lag the

temperature of the electrode proper. A very strong temperature

dependenceis shownby the data of Fig. 3.

After returning to the original operating level,

oxygen was admitted to the vacuumsystem until the pressure had risen
-6 -5

from about i0 torr to i0 torro A slight increase in drain current
-5

was noted as the pressure increased. Whenthe pressure reached I0

torr, the bleed valve was closed and a sharp rise in drain current was

observed. The system was allowed to regain the initial conditions and

the heating and cooling test was repeated. The data obtained are shown

by the crossed data points (+) in Fig. 3. These data show a signif-
icant increase in the drain current during the early portion of the

heating cycle with no hysteresis apparent in the higher temperature

data. The oxygen admission had apparently increased the electron
emission at the lower temperatures. The heating above 270°0, however,

seemsto have returned the electrode to its original surface condition°
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A third set of data was taken after air was admitted

to the vacuum system in a manner similar to the previous admission of

oxygen. These data are shown by the X's in Fig. 3. This curve is

quite similar to the curve obtained during the first run and indicates

that the electrode surface had indeed been returned to its initial

condition.

During all three tests, significant increases in

cathode temperatures were measured when the drain current was high.

At times, drain currents higher than 50 mA were observed. Upon dis-

assembly of the engine, a pattern of "clean" spots was observable on

the cathode plate which closely matched the electrode pattern° A

photograph of this cathode plate is shown in Fig. 4° These spots are

considered to be due to electrons accelerated across the electrode gap

and through the screen apertures.

Some sources of error in this experiment must be con-

sidered. As noted, the measured temperature is in error due to the

location of the thermocouple. Secondly, the fact that these tests were

performed sequentially may have had some effect not discussed above.

Finally, variations in the heating rates used could have caused the

observed results. This would not be a variable during the cooling

portion of the tests. It must be concluded, since the cooling curves

were identical, that either the original surface condition was regained

after heating or the surface condition was not altered by the admission

of pure oxygen. Finally, the conditions required to sustain the high

drain currents at lower temperatures are elusive and even transient

0nigh drain was encountered immediately after closing the oxygen valve)

during short term testing.

The data do imply, however, that a molybdenum elec-

trode designed to run at 230°C or less might not encounter the high

drain conditions.
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Cooled Copper Electrode Tests

Since the drain current situation appears to be

particularly unfavorable for a molybdenum electrode, it was decided

to test the engine with a copper electrode and to run it cooler by

providing a large radiating area.

The cooled copper electrode is shown in Fig. 5. It

was fabricated by brazing a DE design copper accelerating electrode to

a 13-inch-outer-diameter heavy copper fin. The large copper ring was

grooved to enhance its emissivity.

With this electrode an extremely stable beam with

little or no arcing was achieved. The engine was run for 56.9 hours

but was interrupted several times by vacuum system and negative high

voltage power supply malfunctions.

The engine was operated at a net accelerating poten-

tial of 4 kv and a beam current of 405 mA. During the run, the drain

current was between 8.5 and 9.5 mA and showed no tendency to increase

with time. The electrode temperature was 190°C compared with 270°C

measured at the same point for a molybdenum electrode.

The run was terminated by an increase in pressure in

the vacuum system resulting from the decomposition of an insert in a

power plug used with the engines. This decomposition occurred due to

the excessive heat generated by the arc current passing through

terminals in the plug. For subsequent tests, both anode and cathode

(large current) power leads were routed directly to the engine to

bypass this plug.

2.1.2 Heated Electrode Tests

Accelerating electrodes of molybdenu_ aluminum, titanium,

iron, tantalu_and copper were tested with DE engines_ The molybdenum elec-

trode had a sheathed heater (tantalum-magnesium oxide-tantalum) brazed

to its peripheral area on the downstream side. Because of difficulty
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in brazing heaters to all of the materials tested, a separate heater

ring was designed for use with the other electrodes. A stainless

steel ring was fabricated and a heater brazed in a groove cut in the

ring. This ring was used to heat the electrodes being tested for

electron emission characteristics. Figure 6 shows an accelerator

electrode assembly with the heater ring installed. The ring is

clamped to the electrode with the brazed side facing downstream. This

procedure was adequate for the testing undertaken. Electrode tempera-

tures could be raised a hundred degrees centigrade or more over normal

operating temperature.

Molybdenum Electrode Test

At the start of the molybdenum electrode test, with

the engine in normal operation, some time constants associated with

the temperature and drain current were investigated° Electrode tem-

perature and drain current response to the application of lO watts

power to the accelerator electrode heater are shown in Fig. 7. For

heating or cooling the electrode, the temperature changed by i/e of

the total change in about 5 minutes. The drain current exhibited a

12-minute time constant for heating and a time constant of only 4

minutes for the cooling portion of the curve. This explains why

previous data (EOS Report 4920-Q-2; NASA CR-54026) taken for the drain

current as a function of temperature exhibited hysteresis.

The engine system was then brought to the following

steady-state operating conditions:

Positive High Voltage, V+

Negative High Voltage, V

Beam Current, I B

Negative HV Current, (drain current), I

Accelerator Electrode Temperature, TA

Arc Voltage, VA

4.2 kv

-0.6 kv

410 mA

4.7mA

274°C

8.0 volts
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Arc Current, IA

Cathode Housing Temperature, Tc

Chamber Pressure, P

Neutral Efflux (equivalent current)

40.5 amp

451°C

1o8 x 10 -7 mm Hg

40 mA

Power was applied to the accelerating electrode

heater in increments and the behavior of the accelerating electrode

temperature and drain current was as exhibited in Fig. 8. With 12

watts applied to the accelerating electrode heater, the temperature

was stabilized at about 312°C and the drain current at about i0 mA.

The addition of one more watt accelerating electrode heater power

started m slow runaway. The power was increased to 14 watts and the

drain current and accelerating electrode temperature increased sharply.

When the drain current was up to 125 mA with acceler-

ating electrode temperature at 360°C, the heater power was removed and

conditions changed rapidly. The system recovered completely and

returned to the initial steady-state operating conditions. Several

tests were performed with the same results. The runaway appeared to

be initiated at an accelerating electrode temperature of about 325°C

and drain current of 12 mA. At the time of runaway, the cathode

mounting plate temperature had increased by about 9°C.

Aluminum Electrode Test

An aluminum accelerating electrode was prepared and

tested with a DE engine using the clamped heater system. The engine

system was brought to the following steady-state operating conditions:

Positive High Voltage, V+ 3.8 kv

Negative High Voltage, V -0.8 kv

Beam Current, I 412 mA
B

Negative HV Current, (drain current) I 8.0 mA

Accelerator Electrode Temperature, TA 270°C

Arc Voltage, VA 8.3 volts
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Arc Current, I A

Cathode Housing Temperature, T
c

Chamber Pressure, P

Neutral Efflux (equivalent current)

42.0 amps

468°C

2 x 10-6mm Hg

45 mA

Power was applied to the accelerating electrode heater

in increments and the behavior of the electrode temperature and drain

current was as shown in Fig. 9. With heater power inputs of 14, 27,

50, i00, and 155 watts, the electrode temperature stabilized at 280,

289, 298, and 334°C, respectively. The drain current remained con-

stant at 8 mA until the accelerating electrode temperature reached

about 330°C. At this point the drain current began to increase with

time. This increase continued with the temperature stabilized at

334 degrees and was considered to be due to warping of the electrode.

The drain current rose to 14 mA, at which point a malfunction of the

arc power circuit necessitated the shutdown of the test. Throughout

this test, the temperature of the cathode housing, Tc, remained con-

stant, which indicated that the rising drain current was due to electrode

warpage and not electron emission.

When the arc power circuit had been repaired, an

attempt was made to restart the engine and repeat the test. The start

went smoothly until a beam level of approximately 200 mA was reached.

At this point severe arcing between electrodes occurred and the drain

current began to rise. As viewed through a vacuum chamber window the

electrode appeared to be severely bowed in the downstream direction°

Heating power to the electrode (used in starting to provide smoother

and more rapid starts) was immediately s_ut down. The electrode had

by this time reached a temperature of approximately 270°C. The drain

current continued to rise and it was impossible to obtain more than

250 mA of beam current° Electrode temperature rose steadily with the

drain current (Fig. i0) until local heating melted a large hole in the

aluminum grid. The test was terminated at this polnt.
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Inspection of the engine after it was removed from the

facility revealed the accelerator electrode to be bowed approximately

1/2 inch in the downstream direction. The electrode had expanded and

distorted in such a manner as to move webs between apertures in a portion

of the accelerator electrode into the paths of beams from apertures of

the screen electrode. A photograph of the accelerator electrode after

the test is shown in Fig. ii. Although design problems are introduced

because of the high coefficient of thermal expansion of aluminum,

thermionic electron emission was undetectable.

Titanium Electrode Tests

A titanium electrode was then fabricated and tested

with the DE engine. The clamped heater ring was again used. The

engine was started automatically and brought to the following operat-

ing conditions:

Positive High Voltage, V+

Negative High Voltage, V_

Beam Current, I B

Negative HV Current, (drain current), I

Accelerator Electrode Temperature, TA

Arc Voltage, VA

Arc Current, IA

Cathode Housing Temperature, T
c

Chamber Pressure, P

Neutral Efflux, (equivalent current)

4.2 kv

-0.7 kv

410 mA

i0 mA

200°C

8.0 volts

40.5 amps

479°C

1.5 x 10-6mm Hg

42 mA

The drain current was not stable at these conditions and immediately

went into a runaway condition. A time profile of accelerator tempera-

ture and drain current variations during this runaway condition is' shown

in Fig. 12.

Since it was found to be difficult to obtain stable

operation of the DE engine with a titanium electrode at the usual beam

level (_ 400 mA), the beam was reduced to 240 mA to study drain current
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as a function of accelerator temperature. Data from this test are

shown in Fig. 13. It should be noted that although reducing the beam

level lowered the drain current from the high level attained during

runaway at full beam, the drain again began to increase immediately.

When the accelerator temperature had dropped to 191°C, 80 watts of

heater power were applied to the accelerating electrode. Both drain

current and accelerator temperature rose steadily as shown. When it

became obvious that the drain current was not going to stabilize, the

accelerator heating power was turned off. The drain current leveled

at 22 mA and the accelerator temperature at 220°C.

Because of its high drain current characteristics and

its instability at normal operating conditions, titanium was not

tested further.

Iron Electrode Tests

An iron electrode was also tested with the DE engine

at about the same operating conditions as used with aluminum. Accel-

erator heater power was added in three steps, raising the electrode

periphery temperature from 238°C to 338°C. Drain current increased

in a like manner from approximately 7 mA to just over 44 mA. Figure

14 is a time profile of this test. At no time did a runaway condition

ensue. Cathode temperature increased 19°C during the test indicating

the presence of electron emission.

Although electron emission was present it was still

not obvious that a runaway condition would result during a long dura-

tion test. A continuous run was started immediately following the

heating tests. The operating conditions were as follows:

Positive High Voltage, V+

Negative High Voltage, V

Beam Current, I B

Drain Current, I

Accelerator Electrode Temperature, T A

4.2 kv

0.55 kv

408 mA

8.1mA

232°C
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Arc Voltage, V A

Arc Current, I A

Cathode Housing Temperature, T
c

Chamber Pressure, P

Neutral Efflux (equivalent current)

8.0 volts

38.5 amps

455°C

3 x 10-6mm Hg

48mA

A time history of electrode temperature and drain for this run is

presented in Fig. 15. An increasing drain condition was obtained at

the start and the drain current increased by approximately 7 mA every

4 hours for over 20 hours. When the run was terminated, the cathode

housing temperature had increased by about 20°C.

It was concluded that iron is not suitable for long-

duration runs and that conditions similar to those encountered with

molybdenum electrodes would result.

Tantalum Electrode Test

A tantalum accelerating electrode was then tested.

The engine system was brought to the following steady-state operating

conditions:

Positive High Voltage, V+

Negative High Voltage, V

Beam Current, I B

Negative HV Current, (drain current), I

Accelerator Electrode Temperature, TA

Arc Voltage, VA

Arc Current, IA

Cathode Housing Temperature, T
c

Chamber Pressure, P

Neutral Efflux (equivalent current)

4.2 kv

-0.6 kv

405 mA

4.9mA

230°C

8.0 volts

40.0 amps

440°C

1.7 x 10-7ram Hg

_40 mA

After the engine operation had stabilized at these conditions, power

was applied in increments to the accelerator heater, engine operation

being allowed to stabilize between the addition of each heater power

increment. The behavior of the accelerator temperature and the drain
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current were as shownin Fig. 16. The drain current rose steadily

with accelerator temperature throughout the run except for a sudden

drop of about 0.3 mAafter a high voltage interelectrode arc which

took place 20 minutes after the initial 5 watts of heater power were

applied. The drop in drain current may have been due to a change in

the composite surface on the accelerator due to the arc.

Pressure Dependence

Drain current versus pressure data, compiled from all

of the electrode tests, are presented in Fig. 17. In general, the

dependence is nonlinear. Doubling the ambient pressure raised the

drain current from i0 percent to 50 percent for the various materials.

-7
Long tests are conducted at pressures of about 2 x i0 mm Hg where

the effect of ambient pressure should be negligible.

2.1.3 Extended Electrode Tests

In the course of the electrode material studies, the

electrodes were also tested without the addition of electrode heater

power. These tests were made at approximately the same engine operat-

ing levels as follows:

Positive High Voltage, V+ _ 4 kv

Negative High Voltage, V _ -0.6 kv

Beam Current, IB _ 400 mA

Mass Utilization Efficiency _ 90 %

Drain current versus time data for all the materials

are presented in Fig. 18. The copper data came from a 281-hour run

described in paragraph 2.3 of this report. The aluminum data came

from a 238-hour test also described in paragraph 2.3.

Copper Electrode Test

The copper electrode was prepared and tested with a

DE engine using the clamped heater system (EOS Report 4920-ML-8)_

The engine system was brought to the following steady-state operating

conditions:

4920-Final 24



t I [ I

5 WATTS POWER 8 WATTS POWER IO WATTS POWER
TO ACCELERATOR TO ACCELERATOR TO ACCELERATOR

IO HEATER HEATER HEATER

Z_" ACCELERATOR TEMPERATURE __

___" DRA,NCU_j" "_
O

Z TANTALUM
<_

a ELECTRODE'<

I I I
O I 2 5

TIME, hrs

v+ = 4.2kv

V- = -0.6 kv

ZB =405 ma

AT C = 9-C

- 260 w"

n,-
:D
I--
<(
n.,"
LU
Q.

l--

n-

- 2:55 <_

n.-
bJ
-J
bJ
O
O
<_

210

FIG. 16 ACCELERATOR TEMPERATURE AND DRAIN

CURRENT VERSUS TIME FOR TANTALUM

ELECTRODE HEATING TEST

28

24

o
E 2O

Z

W

,0

"Z

Q

12

8

02xl67

I I

IRON A232 =C

TA = 206 =C

S = •320 C

MOLYBDENUM/

_b.,_,J_TA = 310°C

TANTALUM_,_ _'_

x_x"""- TA = 230oC

I

16'
I

16s

PRESSURE, P, mmH_

ALUMINUM

TA= 270"C

EXTRACTED FROM

281 HR RUN DATA

16"

FIG. 17 DRAIN CURRENT VERSUS PRESSURE

FOR VARIOUS ELECTRODE MATERIALS

4920-Final 25



Z
0
n_

ouu'-I 'IN3_I_173 NIV_IO

0
0

O0

I--I
p_

C_
0

t.D
tz.]
,-.]

oo

O

>

p::
[-4

O0

O0

[-4

C_
Z
r.z.]

oo
,,-4

I-4

4920-Final 26



Positive High Voltage, V+

Negative High Voltage, V

Beam Current, IB

Negative HV Current (drain current), I

Accelerator Electrode Temperature, T A

Arc Voltage, VA

Arc Current, IA

Cathode Housing Temperature, T
c

Chamber Pressure, P

Neutral Efflux (equivalent current)

4.2 kv

-0.6 kv

380 mA

4.0mA

240°C

7.8 volts

38.5 amps

490°C

5 x 10-6mm Hg

_33mA

Power was applied to the accelerating electrode

heater in increments and the behavior of the electrode temperature

and drain current was as shown in Fig. 19. The drain current was

observed to increase with increasing accelerator temperature. At the

maximum temperature attained, 322°C_ the drain current was 13.9 mA.

During the time these changes took place, the cathode housing tempera-

ture also increased by 10°C.

When the electrode heater power was removed, both

drain current and electrode temperature began to fall immediately.

Within 45 minutes after power turnoff, the drain current and acceler-

ating electrode temperature had returned to their initial steady-state

operating levels.

Although copper does exhibit increased electron

emission at high temperatures, the absence of a runaway drain con-

dition and the fairly low drain level for normal operating temperatures

make copper suitable for use as an accelerating electrode, as demon-

strated by the 281-hour test reported in paragraph 2.3.2. Copper and

aluminum were the only materials tested which permitted long duration

runs without occurrence of tne high drain condition.

For the other materials, drain increases were

encountered in relatively short times. The drain current for the iron

electrodes increased from 7 mA to 27 mA in 23 hours. The tantalum
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electrode drain current increased from 5 mA to 7 mA in 9 hours after

which a runaway condition occurred. The test was terminated at
10-3/4 hours with a drain of 20 mA. As mentioned in paragraph 2.1,

the titanium electrode test had an immediate runaway, the drain

current increasing from 9 mAto 30mA in i hour.

The temperature increase of electrodes during the

early hours of extended duration tests was determined to be caused by

a change in emissivity of the downstreamside of the electrode. The

deposition of copper, sputtered from the collector and liner, onto

this surface decreases the emissivity in all cases except that of the

copper electrode. Since the engine power radiated to the upstream

side of the electrode remains the same, the electrode temperature
rises.

In those cases where a low work function composite

surface exists, the drain current increases with time because the

electrode temperature is increasing. The electrons accelerated across

the electrode gap heat the engine. Whenthis heating becomessignifi-

cant in terms of the additional power radiated to the accelerating

electrode, the runaway condition occurs.

Although the low work function composite surface is

present in the case of copper, the emissivity did not changeand the

electrode temperature and drain current were fairly stable during the

281-hour run. In the 238-hour aluminumelectrode test, the emissivity

of the electrode changedand the electrode temperature increased by
over 40°C in the first 50 hours of operation. The high drain current

condition was not encountered becauseof the absence of a very low

work function composite surface.

2.1.4 Sputtering Measurements

Sputtering yield determinations for cesium ions

incident on aluminum were made. The sputtering yield (S) is defined

as the ratio of the number of atoms sputtered from the target material

(na). to the number of bombarding ions (ni). In terms of experimental

parameters, this ratio can be expressed as:
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na

n. l+ti

q

where _mTis the weight loss of the target in grams, m T is the mass of

a target atom in grams, l+is the total ion current to the target in

amperes, t is the exposure time in seconds, and q is the charge per

ion in coulombs.

Measurements of the experimental parameters was made

using the target assembly shown in Figs. 20 and 21. The triangular

target block permits three separate sputtering determinations before

breaking vacuum. The samples are mounted on the target block using a

retainer ring attached to the block to insure good thermal conductivity.

The target block is heated by a sheathed resistance heater and the

temperature is monitored with an iron-constantan thermocouple. A

cylindrical collector, used to determine secondary electron emission

from the target, surrounds the target block. Two beam collimation

plates are located in £ront of tne collector. They are electrically

isolated from ground potential so the first can be biased positive and

the second negative to prevent electrons from entering the target

region and causing errors in the ion current measurements. The

aperture in the first plate defines the sputtering area since the

apertures in the second plate and the collector are progressively

larger. The shutter is manually operated and is used to protect the

samples during the initial startup of the ion source.

The experimental procedure using this apparatus con-

sists of preheating the target block to the desired operating tempera-

ture, stabilizing beam current from the ion source at the desired

level, opening the shutter, and measuring the collector current, tar-

get current, and sample temperature. The power to the target block

is adjusted to maintain constant temperature.
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ELECTRON COLLECTOR REMOVED 

4 9 2 0 -F ina 1 31 



FIG. 21 ASSEMBLED SPUTTERING APPARATUS 

49 2 0 -Final 32 



A major problem encountered during sputtering experi-

ments is the surface condition of the sample and the contamination of

the surface by the vacuum environment. The partial pressures of

reactive and soluble gases in the experimental chamber must be suffi-

ciently low that surface contamination is negligible during the time

expended in cleaning and experimentation. A useful measure of the

vacuum conditions necessary to minimize contamination is the time

interval, Tm, in which an initially clean surface will become com-

pletely covered by molecules from the surrounding gas if each molecule

striking the surface remains on the surface. The number of molecules

of mass m striking a unit area of surface in a unit time at a partial

pressure p is given by

Z = p/(2_nkTa) 1/2

where k is Boltzmann's constant, and T is the absolute temperature.
a

If it is assumed that a monolayer consists of 1014 molecules per

square centimeter, then the monolayer time interval, rm, can be

approximated by

Tm = 1014/Z,

= 1014/Ap

where

X = i/(2r_nKT)
1/2

Typical values of X, in molecules/cm 2 sec torr, and Tm, in seconds,

at a pressure of 10 -6 torr for several gases and vapors normally

present in vacuum systems are given in Table I for _ = 273°K.
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TABLE I

MONOLAYER TIME INTERVALS

-20
Gas or Vapor A x i0

molecules

2
cm sec torr

7 (seconds)
m

at 10 -6 torr

H2 15.0 0.067

H20 5. Ol O. 20

CO 4.02 0.25

N2 4.02 0.25

02 3.76 0.27

CO 2 3.20 0.31

From Table I it is seen that an initially clean sur-

-6
face exposed to oxygen at a partial pressure of i0 torr could be

completely contaiminated within one second after cleaning. The partial

pressure of 02 in EOS vacuum systems has been determined to be three to

four orders of magnitude less than the operating pressure so that con-

tamination should take longer than one minute. The arrival rate of

02 is thus much less than the ion beam arrival rate for the lowest

current density used in these tests. Since other contaminants, prin-

cipally hydrogen, are less reactive with aluminum than oxygen, the

surface should be free of contamination after absorbed gases have been

removed by initial sputtering. After ion bombardment is terminated,

the surface contamination should have the same general makeup as be-

fore sputtering.

A correction was made for the effect of sputtered

copper deposits on the sample weight loss determinations. The target

samples and a clean control sample were cleaned using nitric acid.

New weight losses were within a few percent of the uncleaned weight

losses. Figure 22 shows the yield obtained over the ion energy range

from 0.5 to 4.0 kev.
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AI/6 Percent AI203 Sputtering Measurement

A sample of Alcoa XAP001 alloy was provided by the

LeRC for evaluation as a possible electrode material. This alloy is

made by powder metallurgy techniques and is sintered from a mixture

of 94 percent (by weight) aluminum powder and 6 percent AI203 powder.

It has significantly higher mechanical strength than other aluminum

alloys but its sputtering yield was unknown.

The sputtering rate of the AI/6 percent AI203 alloy

was compared with that of the high purity IIOOHI4 alloy used for the

DF electrode by sputtering samples of each with the same exposure.

The samples were held at 200°C during the exposures and the pressure

was maintained between 7 x 10 -7 and i x 10-6 torr.

The yields obtained are listed in Table II together

with a previously obtained yield for aluminum at the same energy.

TABLE II

COMPARISON OF ALUMINUM AND

ALUMINUM-ALUMINUM OXIDE SPUTTERING YIELDS

Sample Material Ion Energy Yield

(kev) (atoms/ion)

AI/6% AI203 i 5.1

Aluminum 1 1.2

Aluminum I i.i*

AI/6% AI203 2 3.3**

Aluminum 2 2.0

*Data from previous determination

**Weight loss on this sample approached the accuracy

of the balance used

There appeared to be no advantage to the use of the new aluminum alloy

since low sputtering yield is far more important than physical strength

for this application.
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On the basis of the low sputtering yield of aluminum

(about half that of copper), the low drain currents gxperienced with an

aluminum accelerator electrode, and its low weight, aluminum was

selected as the best material for further use for accelerator electrode

fabrication.

2.1.5 Emittance Measurements

To permit more realistic estimates of radiation power

losses from the aluminum electrode, total hemispherical emittance

values for aluminum with a coating of sputtered copper were necessary.

The free cooling technique equipment in use on Air Force Contract

AF 33(615)-1530 was modified to accommodate the lower temperatures

necessary for the aluminum samples.

The free cooling rate technique was used to measure

the total hemispherical emittance, ct. When a heated sample suspended

by thin thermocouple wires is suddenly removed from its heat source,

the following relation is valid if conduction by the wires and wall

radiation effects are negligible as they are for the results shown later:

MC /dTa\

et = \dtj
A oT 4
s a

where M is the mass of the sample, C is the specific heat of the

sample material, A is the surface area, o is the Stefan-Boltzmann
s

constant, Tais the absolute temperature of the sample, and dTa/dt is

the slope of the cooling curve. Thus by measuring the slope of the

cooling curve from a strip chart recorder, an emittance curve as a

function of temperature can be determined.

Samples made from the same alloy as the electrodes

(IIOOHI4) were supported by swaging the thermocouple junction into the

periphery.

The samples were then mounted in the emittance appar-

atus as shown in Fig. 23. The nominal sample size was 0.250-inch diameter

by O.040-inch thick. The chromel-constantan thermocouples were O.O03-inch
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diameter. A brief outline of the measuring procedure will explain the

apparatus in Fig. 23. The sample is mounted and the chamber evacuated

-6

to i x i0 torr or less. The liner is filled with LN 2. The heater is

then brought up to temperature and elevated into the LN 2 liner so that

it surrounds the sample. When the maximum sample temperature is

obtained, the heater is shut off and lowered out of the liner. The

shutter closes automatically after the oven drops. This procedure is

repeated as required to insure reproducibility between runs. The data

from one representative run is then reduced.

Measurements were made on two samples of II00HI4

aluminum alloy. The resulting values of the total hemispherical

emittance as a function of absolute temperature are shown in Fig. 24.

Samples were prepared from the same 0.125-inch-thick

stock which is used for DF electrodes. The sample nominal dimensions

were 0.250-inch diameter and O.040-inch thick. Two samples were

retained in the as-machined condition and the others were liquid-honed

to a matte finish as in electrode preparation.

The adjective "uncorrected" is used on Fig. 24 since

all the corrections were not included in the presented data. These

corrections include the heat loss due to the thermocouples, the vari-

ation of specific heat and area with temperature, and the variation

of the thermoelectric power of the thermocouple as a function of

temperature. These corrections are less than i0 percent.

The lower curve in Fig. 24 represents three of the

five runs made with sample Noo i. The other two were within the values

shown. The upper curve was evaluated from only one of three runs since

all runs were within a pen width on the recording potentiometer record.

Emittance measurements were made on one sample of

copper-coated II00HI4 aluminum alloy. A machined and liquid-honed

sample with the thermocouple mounted was packaged in such a manner

that only the sample surface was exposed. This sample package was

then mounted in a facility in which engine testing was being conducted.
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Copper sputtered back from the collector was deposited on the sample.

The sample was rotated periodically so that the copper would accumu-

late at a reasonably uniform rate on all sides.

The coating thickness was determined by weighing the

sample with the thermocouple before and after exposure. Assuming

simple geometry, uniform coating, and normal copper density, the

-6
coating thickness was calculated to be 20 x i0 inch or 0.5 micron.

During the emittance tests a gradual reduction of

slope in the temperature-time charts was observed. Evidence of loss

of copper by flaking was definitely visible when the sample was

removed from the system. This could not be observed during the tests

since only a small portion of the sample edge is visible through the

LN 2 chamber wall.

The emittance values from Fig. 24 corrected for

thermocouple loss, thermal expansion of the surface area, and thermal

variation of specific heat of the sample are shown by the extreme

upper and lower curves of Fig. 25. The general effect was to reduce

the values previously reported by 2 percent at 750°K and by approxi-

mately 5 percent at 450°K.

The results for the copper-coated sample are shown

by the center curve in Fig. 25. This curve was based on several tests.

Each test subjected the sample to 800°K for about 9 minutes. Total

heating and cooling time was about 5.5 hours. The calculations did

not include the added weight of the copper since it amounted to only

0.37 percent.

At 500°K (227°C) the emittance of the as-machined

sample was 0.063 which increased to 0.143 when liquid-honed. The

effect of the copper (_ 0.5_ thick) was to reduce the emittance to

0.084. Time at high temperature (800°K) caused spalling of the

copper which increased the emittance to 0.089.

The general trends appear to be that liquid honing

approximately doubles the emittance of as-machined II00HI4 aluminum

alloy, and copper coating reduces it toward the original as-machined

condition.
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2.2 Feed Systems

Cesium feed systems capable of operation in both zero-g and l-g

environments were used for all extended tests on this program. A descrip-

tion of the principle of operation and associated hardware may be found in

EOS Report 3670-Final (NASA CR-54067).

2.2.1 750-Hour Feed System

The 750-hour feed system used a solenoid-operated feed

valve and a solenoid-operated pump-out port valve shown on the assembled

system in Figure 26 (3670-Final 3-24, page IiI)_ This system has a

capacity of about 5 pounds of cesium, an amount sufficient for a minimum

of 750 hours operation of the DE engine. Performance of this system with

the DE engine is described in Subsection 2.3 of this report.

2.2.2 Feed System Improvements

After the tests with the DE engine two modifications

were made to the 750-hour feed system to enhance reliability for long

term operation. These included a manually-operated cesium flow valve

and improved solenoid port valve for pump-out.

2.2.3 Manually Operated Cesium Valve

The zero-g feed system has had response characteristics

sufficiently fast to accommodate all of the engine control requirements.

A valve was required only to provide a barrier to protect the cesium

when the feed system was not in the vacuum environment of the test

chamber. Consequently, the solenoid valve was replaced with a manual

valve which could be opened prior to engine start and closed prior to

engine removal from the vacuum chamber.

The valve (Figs. 27 and 28) consists of three sub-

assemblies; the valve body, the poppet assembly, and the actuating

mechanism. The valve body is fabricated of type 347 stainless steel

and is heated with a sheathed heater. Its mass is considerably less

than the mass of the solenoid valve it replaced.

The poppet assembly consists of the valve poppet which

is welded to a metal diaphragm similar to that used on the solenoid valve.
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FIG, 26 750-HOUR FEED SYSTEM AND SOLENOID-OPERATED 
FEED VALVE 
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P T U A T I N G  

TO FEEDSYSTEM 

FIG. 27 MANUALLY-OPERATED CESIUM VALVE 

FIG. 28 MANUAL VALVE 
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The only seal used in the valve is between the body and poppet assembly.

The actuating mechanism is of hardened type 17-4 stainless steel. The

screw mechanism is overcoated with a high-temperature,solid-film lubri-

cant to minimize friction. Thermal isolation is provided between the

actuating assembly and the valve body to minimize heat conduction to

the actuating assembly.

Actuation of the valve is provided by a retractable

rod which is introduced through the vacuum flange. An O-ring assembly

on the flange prevents leakage at the flange. Since the rod is re-

tracted when high voltage is applied to the engine, there is no need

for electrical isolation of the rod.

Testing of this valve included helium mass spectrometer

leak-checking and room-temperature cycling. Twenty successive actuations

were made with no detectable leak across the valve. The detector used

had a sensitivity of i0 -I0 std cc He/sec. Actuating torque during this

test was held constant at 25 inch-pounds. The valve was assembled to a

feed system and cesium flow tested at valve body temperatures up to

400°C. All tests were satisfactory.

Pump-Out Valve

The rear pump-out valve on the cesium reservoir was

redesigned to provide a larger orifice. The old pump-out valve had a

port orifice diameter of only 1/16 inch. This small orifice was easily

obstructed by cesium deposits which might result from distillation or

handling. The new design used a I/4-inch-diameter orifice. A drawing

of the new valve is shown in Fig. 29.

2.3 Extended Tests of the DE Engines

Two extended tests were made during the course of accelerator

electrode material selection. A DE engine with a copper electrode was

operated for 281 hours and an engine with an aluminum electrode was

operated for 231 hours.
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2.3.1 Facility

The test chamber which was used for extended testing of

the DE engine and feed system is represented schematically in Fig. 30.

The engine was mounted in a tank section 28 inches in diameter and 42

inches long. This section had a 24-inch diameter liquid nitrogen-cooled

liner and was pumped by a lO-inch diffusion pump with a 6-inch standby

diffusion pump. Both pumps had liquid nitrogen-cooled baffles. A

neutral cesium detector with a housing which was cooled by conduction

to the liner was incorporated. The detector had a mechanically-

operated shutter for determining background levels.

The collector section of the facility was 28 inches in

diameter and 60 inches long. It had a 24-inch diameter liquid nitrogen-

cooled liner with conduction-cooled baffles. The collector was made of

thick stacked copper plates and was water-cooled at 22°C. Liquid nitrogen

was run through the diffusion pump baffle, the collector section liner

and the engine section liner. Flow was controlled to regulate the outlet

temperature of the engine section liner at -lO0°C. The collector and

both liner sections could be floated for neutralization tests.

The engine and feed system were operated by a control

system of the type discussed in EOS Report 3670-Final (NASA CR-54067)_

Vacuum, power, and high-voltage functions were interlocked to provide

alarm signals or shut the system down in the event of engine system or

test equipment malfunctions.

2.3.2 281-Hour Test

The first test required a total of 297 hours, during

which time the engine was operated 281 hours. The test was interrupted

five times during the first 86 hours.

Three malfunctions occurred as a result of a high-voltage

cycling relay sticking in a mode that kept high voltage turned off and

provided a full beam demand signal to the feed control system. The

vaporizer power (Fig. 31) was full on during these delays. The test was

intezrupted two other times in an attempt to repair the circuit components.
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During this initial 86 hours, the longest uninterrupted period of opera-

tion was 42.1 hours. A total operating time of 80 hours was accumulated.

The test then continued for 201 hours without incident,

and was terminated on 7 August 1964, with the engine functioning normally.

A total operating time of 281 hours was accumulated. Although the drain

current fluctuated about 2.5 mA, there was no significant increase other

than in the residual insulator leakage current.

The engine operating parameters during the 201-hour con-

tinuous segment of the test are presented in Table III. Three points are

shown indicating the trend with time. Small changes were made in the

high voltage and arc power settings to minimize drain during the course

of the run. The drain current increased from 9 to 11.5 mA during the

201-hour period while accelerator electrode and cathode temperatures were

on a downward trend. Downward adjustment of arc power from time to time

would explain the decrease in the above temperatures. Figure 32 shows

the gradual drain increase with time; it also shows the residual drains

taken immediately before and after the continuous run. With the arc

extinguished and the electrodes cool, the residual drain at the start

was approximately 2.5 mA below the drain at the finish (I.0 mA versus

3.5 mA). This indicated that the increase in drain current was due to

insulator leakage and not electron emission.

It was assumed that the high operating level of the

drain current (over 2 percent of beam) was due to misalignment of the

accelerator electrode as a jig was not used in assembly of the electrode

structure. Inspection after the test did reveal a nonconcentric erosion

pattern on the outer holes of the accelerator electrode.

Vaporizer power ran at 12.1 watts throughout the run

with vaporizer temperature at 250°C; variations in these values were

less than 3 percent. The test can be summarized as one characterized

by little or no unexplainable drift in the measured parameters and by

very stable operation.

A liquid nitrogen-cooled, neutral cesium detector, used

at the start of the run, gave a mass utilization efficiency of 90 percent.
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TABLEIII

Engine Operating Parameters

During 201-Hour Continuous Test Period

Run Time (hours_

Operating Parameters 34 i00

Positive High Voltage, V+ (kv) 4.2 4.2

Negative High Voltage, V_ (kv) 0.75 0.60

Negative HV Current, I_ (amp) 0.009 O.O10

Beam Current, IB (amp) 0.405 0.402

Arc Voltage, VA (volt) 7.7 7.6

Arc Current, IA (amp) 41.0 40.5

Beam Power, PB (kw) 1.701 1.689

Drain Power, PD (kw) 0.045 0.048

Magnet Power, PM (kw) 0.008 0.008

Arc Power, PA (kw) 0.316 0.308

Total Power, PT (kw) 2.070 2.053

Thrust, T (mlb) 9.89 9.81

Power-to-Thrust, P/T (kw/ib) 209 209

Power Efficiency, _p 82.2% 82.5%

Mass Efficiency, _M _ 9_/o 9_/o

Overall Engine Efficiency, qE 74._/o 74.2%

Specific Impuls_ I (sec) 7160 7160
sp

I_/I B 2.2% 2.5%

PA/IB (key/ion) 0.780 0.766

Pressure (mm Hg) 2.2 x 10-7 2.4 x 10 -7

Operating Temperatures (°C)

Accelerating Electrode 306 305

Engine Shell 306 301

Cathode Housing 440 425

Vaporizer 251 243

175

4.2

0.55

0.0115

0.402

7.5

40.5

1.688

0.055

0.008

0.304

2.055

9.81

210

82.2%

90%

74.0%

7160

2.9%

0.756

1.8 x 10 -7

304

309

428

25O
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At the end of the run a massutilization efficiency of 90.6 percent was

obtained. During the full 297.5 hours of the test, 776.2 gmsof cesium

were expelled. In the 4.3 hours during which the high voltage was off

and the vaporizer power was full on, it was estimated that the cesium

flowrate was equivalent to 6 to 9 amperesof cesium ions. This was based

on flowrate versus vaporizer powertests conducted under previous pro-

grams. It is therefore estimated that about 150 grams of cesium were

lost to the system during these periods and that about 620 gramswere

consumedduring engine operating periods. This gives a massutilization

efficiency of 90.55 percent, in agreementwith the massutilization
measurementsmadeusing the neutral cesium detector.

Residual Drains

At the termination of the 281-hour test, the accelerating

electrode temperature and the drain current were monitored. Figure 33

presents these parameters as a function of time after termination of

the run. The high voltages were maintained during the procedure. A

residual drain of 3.5 mA remained after the electrode was quite cool

(185°C). This is considered to be an insulator drain current.

The residual drain current was then measured as a function

of voltage across the accelerating gap. The temperature of the electrode

was about 185°C at this time. The data are presented in Fig. 34. Each

time the original voltages were applied (as indicated by the squares)

the drain returned to 3.5 mA.

The voltages applied to the arc chamber and the accelerating

electrode were then reversed and reversed polarity datawere taken.

These data are presented in Fig. 35. The test indicates the existence

of electron emission from the molybdenum screen electrode which was at

about 200°C when the data were taken. The data indicated by X's, for

the decreasing gap voltage, were plotted as a Schottky plot shown in

Fig. 36. As can be seen from the figure, a definite linear relation

exists between the logarithm of the current and the square root of the

voltage (or field intensity).
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Extrapolation of the Schottky plot indicates a thermionic

current requiring a work function of less than 1.2 ev. The Cs-0-Mo

composite surface appears to exist on the molybdenumscreen electrode.
The field between flat parts of the screen and accelerating

electrodes is on the order of I0,000 volts/cm at 2.2 kv across the gap.

The slope of the Schottky plot requires a field over i00 times more
intense. The field at the sharp edges of the apertures in the screen

electrode maybe high enoughto account for the large Schottky enhanced
emission.

Condition of En$ine After Test

A pictorial record of the system and components immediately

after the run is shown in Figs. 37 through 44. The engine system,

shown in Fig. 37, was quite clean. Only backsputtered copper (on areas

facing the collector) was visible upon inspection. Figure 38 is a view

of the inside of the cathode and orifice plate. They both appeared in

excellent condition. A light deposit was found on the first two coils

of the cathode emitter next to the baffle (see photo) which appeared to

be either residue from impurities in the propellant or from the braze

compound. Not enough of this substance could be obtained for an analysis.

There was a nonuniform heating pattern on the orifice plate.

A similar off-center, light area was found on the upstream side of the

accelerator electrode. This condition has been noted before. The clean

area at the cathode is due to electron heating. Since the clean areas on

both parts are in line with each other it would appear that the emission

was occurring from the clean spot on the electrode.

Figure 39 shows the inside of the arc chamber. The chamber

and cathode plates were copper coated to thicknesses up to 0.001 inch.

Note the distorted electrode hole pattern on the front portion of the

anode. This is due to copper, sputtered back from the liner and collec-

tor, passing through the electrode system.

The most severe damage to the engine occurred on the outer shell

(magnet cover) where electron bombardment had worn through the O.O03-inch-
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F I G .  39 ANODE AND CHAMBER I N T E R I O R  
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thick titanium sheet. This might have damagedthe magnet coils had the

run continued. Careful inspection of Fig. 40 reveals one of these thin

spots on the lower front cover. It would appear that someelectrons

from the beamplasma were focused on these spots.
There was a 2-to 3-inch wide annular gap between the engine

and the front of the ground cage. The placement of the negative high-

voltage lead was such as to focus backstreaming electrons to spots on

the shell on both sides of the negative lead. The damageby back-

streaming electrons can be easily eliminated by removing these negative
leads from the area between the engine and ground shield and by reducing

the radial gap between the accelerator electrode and the ground shield.

Figure 41 indicates the condition of insulators after the run.

They appeared relatively clean under the shielded area although localized
dark rings could be found in the troughs of the convoluted surfaces.

In general, the hotter the running temperature, the cleaner the surface.

Unshielded parts of the insulators were contaminated.
The screen electrode wasdiscolored but no visible erosion

was noted. Figure 42 is a view of the electrode assembly showing the

upstream side of the screen. Note the discoloring in the grid portion

and the metallic appearanceof the outer edge of this plate. The small

lip machined on these plates is successfully preventing cesium from

escaping through this joint.
All wiring and connectors including Deutsch plugs seemedin

excellent condition with no observable loosening of the joints.

Accelerating Electrode

Figure 43 is a photograph of the downstream side of the ac-

celerating electrode. The major erosion occurred on the webbing between

large and small holes. Depth of the pits at this interface and at posi-

tions along six equally spaced radial lines from theelectrode center

were measured. The deepest pits were in twelve locations, where a large

web area results from the change in hole patterns. The depth of these

pits ranged from 0.0184 to 0.0238 inches. A photomicrograph of a sample

section through one of these pits appears in Fig. 44.
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FIG. 40 ENGINE SHELL WITH ELECTRODES ATTACHED 
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FIG, 41 ELECTRODE INSULATORS 

FIG, 42 SCREEN ELECTRODE 
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FIG. 43 ACCELERATING ELECTRODE - DOWNSTREAM SIDE 

FIG. 44 CROSS SECTION OF DEEP PIT IN ACCELERATING 
ELECTRODE 
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Depth of pits in the central hole pattern ran from 0.0048 to

0.0139 inch with the deepest holes nearer the outer part of the pattern.

Pits in the outer hole pattern ran from 0.0099 inch at the inside of the

pattern to no pits at the outer edge. A photomicrograph of one of the

shallow pits appears in Fig. 45. Figure 46 showsthe upstream side of
the accelerator electrode. There wasno visible erosion.

Copper deposited on the downstreamside of the electrode was

0.O0062-inch thick. The estimated weight of this layer is I.i gm.

Adding this to the weight loss of the electrode after the run indicates

a total weight loss, during 281 hours of operation, of 2.25 gm.

Several holes were eroded on one side indicating the mis-
alignment due to visual adjustment; as mentioned earlier this was a

contributing factor to high drain.
It is possible that this electrode could be run for a few

thousand hours. Even whenthe twelve deep pits had eroded through, the
structural rigidity would have remained.

Sample Analysis

Scrapings were taken from various components for chemical

analysis. A summary of the results is presented in Table IV. Only a

qualitative analysis is meaningful due to the lack of knowledge regarding

the amount of base material taken into the sample.

Small amounts of silicon appeared in all the samples and this

is attributed to diffusion pump oil which contains this element.

Similarly, copper was found on all components and as mentioned earlier

this material was sputtered back to surfaces facing the collector. The

upstream side of the screen electrode which does not face the collector,

apparently collected copper evaporated off the cathode plate and orifice.

The molybdenum on the anode and on the upstream side of the

accelerator electrode probably came from the molybdenum orifice plate

as this part had lost weight during the run. Gold was located on both

the anode and screen. The only gold in the system is found in the braze

material used to fasten cathode parts.
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FIG, 45 CROSS SECTION OF SHALLOW PIT IN ACCELERATING 
ELECTRODE 

FIG. 46 ACCELERATING ELECTRODE - UPSTREAM SIDE 
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TABLEIV

Analyses of Deposits on Components

Component

Major

Base Material Contaminant

Accelerating Electrode

(Downs tream)

Copper Molybdenum

(small amount)

Accelerating Electrode

(Upstream)

Other Significant

Contaminants

Screen Electrode

(Downstream)

Silicon

Screen Electrode

(Upstream)

Copper Molybdenum Silicon

Anode

(Inside Front)

Molybdenum Copper Silicon

Cathode Orifice Plate

(Downs tream)

Molybdenum Copper Gold
Silicon

Copper Molybdenum Gold
Silicon

Molybdenum Copper Silicon

Very small traces (<0.01%) of iron, titanium, and aluminum

were detected for all samples.
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The single result that is difficult to explain is the presence

of molybdenumon the downstreamside of the accelerator electrode. Since

molybdenumwas leaving the cathode orifice plate and probably the cathode,
part of it must have reached the collector. This mayhave been sputtered

back to the engine.

Weight Changes

Weight of the critical parts before and after the run are

presented in Table V.

It is difficult to say how much error is introduced into the

determination of these net weight changes by the cleaning processes.

Care was exercised to remove only coatings but base material was found

in most samples.

Since the anode is made of copper and since no photomicrographs

were taken the added weight due to plating was not determined. The

cleaning process did not remove all of the plating; thus the gain in

anode weight.

Analysis of Feed System After Test

Following the 281-hour duration test, the zero-g feed system

was completely dismantled and an analysis made on many of the components.

The feed system was disassembled in the dry box. The photographs of

Figs. 47, 48 and 49 show the components of the system while still in the

dry box. It was observed that the cesium, both in the reservoir and

the porous rod, was clean and bright. Slight discolorations were noted

in the vaporizer tube and on the valve body. The valve ball contained

a small deposit of material. Analysis of this deposit disclosed copper,

gold, and silicon as the contaminants. Sectioning of the reservoir showed

it to be exceptionally clean inside with no evidence of cesium corrosion

or attack at weld joints or on the fin assembly.

The porous rod was sectioned while still in the dry box. Five

samples were removed for analysis. Figure 50 indicates the location on

the porous rod _fnere samples were removed. Table Vl lists the results

of the quantitative spectrographic analysis that was performed on these
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Component

TABLEV

Component Weisht Chanses

Weight

Before

Run

(gms)

We ight

After

Run

(_s)

Weight

After

Cleaning

(gms)

Net

Change

(gms)

%Change

Accelerating
Electrode

Screen Electrode

Anode

Cathode Orifice

Plate

Cathode Mounting
Plate

141.9354

119.2758

349.6603

26.4270

135.4051

140.7920

119.6846

350.7488

26.4854

118.8092

350.2770

26.3614

135.3540

-1.1434

-0.4666

+0.6167

-0.0656

-0.0511

-0.8ff/o

-0.04%

+0.0T/o

-0.25%

-0.04%
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F I G .  47 SOLENOID VALVE COMPONENTS 

F I G .  48 END VIEW OF VAPORIZER SURFACE 
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FIG. 49 POROUS ROD AND VAPORIZER ASSEMBLY 

VAPORIZER 

FIG. 50 LOCATION OF SAMPLES TAKEN FOR ANALYSIS 
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TABLEVI

Analysis of Porous Rod

Control

S amp le

Element SNI-II SNI-12 SNI-13 SN i-i______4 SNI-15 SNI-16

Manganese 0.09% 0.01% 0.01% 0.01% 0.01% 0.02%

Iron 0.38% 0.09% 0.03% 0.12% 0.10% 0.11%

Silicon 0.10% 0.17% 0.13% 0.12% 0.11% 0.18%

Copper 0 °03% 0 °15% 0.08% 0.10% 0.13% 0.09%

Cobalt 0.16% 0.11% 0.09% 0.12% 0.15% 0.13%

Titanium 0.03% 0 °01% 0.01% 0.01% 0.02% 0.03%

Magnesium 0.06% 0.12% 0.05% 0.06% 0.02% 0.11%

Nicke i Rem. Rem. Rem° Rem. Rem ° Rem.

Less than
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samples. Included in this table is the analysis of a control sample

which was removed from the same porous rod prior to the engine run.

A sample of the remaining cesium was also obtained during

the disassembly. An analysis of this sample is compared with a sample

that was obtained during the initial filling operation and is shown in

Table VII.

After removal from the dry box, the reservoir was sectioned.

Photomicrographs showed no attack of either the base material (type 347

stainless) or the weld joints. No change in composition of the fin

material could be detected by spectrographic analysis. The largest

weight loss detected was a loss of 0.8 percent from the fin assembly

of the reservoir. This was not considered significant in terms of its

effect on feed system lifetime. It appeared that the system could

easily meet its design lifetime of 750 hours.

2.3.3 Long Duration Test with Aluminum

On the basis of the electrode material studies reported

in Subsection 2.1, aluminum was chosen for a second long duration engine

test.

Operating Conditions and Time History

The DE engine was used with a zero-g feed system loaded

with about i pound of cesium. The aluminum electrode was 1/16 inch thick

and had a DE electrode aperture pattern with hole locations matching

those of the molybdenum screen electrode. The usual DE configuration

was altered slightly by bringing the three anode leads from the anode

posts to the rear of the engine before joining them. The DE config-

uration used previously had the three posts joined by a strap at the

middle of the engine with a single lead brought back to the rear of

the engine.

Average engine operation during the test was at the

parameters presented in Table VIII. The engine ran at full beam for

238 hours. The run was terminated when the cesium was nearly exhausted

and the feedrate could no longer be maintained.
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Element

TABLEVII

Analysis of CesiumSamples

Sample

Before Run After Run

Cesium .............

Aluminum ...........

Barium .............

Boron ..............

Calcium ............

Chromium ...........

Iron ...............

Magnesium ..........

Manganese ..........
Nickel .............

Lead ...............

Tin ................

Strontium ..........

Lithium ............

Titanium ...........

Thallium ...........

Sodium .............

Potassium ..........

Columbium ..........

Molybdenum .........

Silicon ............

Copper .............

* less than

- not detected

Remainder

1PPM*

20 PPM*

i0 PPM*

i0 PPM

1 PPM*

13 PPM

i PPM

i PPM*

i PPM*

25 PPM

35 PPM

2 PPM*

20 PPM*

3 PPM*

3 PPM*

5 PPM*

i0 PPM*

20 PPM*

3 PPM*

8 PPM

i PPM

Remainder

i PPM*

20 PPM*

i0 PPM*

i PPM*

1PPM*

1PPM*

0.5 PPM

i PPM*

i PPM*

7 PPM*

15 PPM*

i PPM*

20 PPM*

3 PPM*

3 PPM*

5 PPM

i0 PPM*

i PPM*

i PPM
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TABLEVIII

Engine Operatin _ Parameters

During 238-Hour Aluminum Electrode Test

Run Time (hours_

Positive High Voltage_ V+

Negative High Voltage_ V_

Negative HV Current (drain current)l_

Beam Current 3 1B

Arc Voltage_ VA

Arc Current 3 1A

Beam Power_ PB

Drain Power_ PD

Magnet Power_ PM

Arc Power_ PA

Total Power_ PT

Thrust_ T

Power to Thrust_ P/T

Power Efficiency, Bp

Mass Efficiency 3 BM

Overall Engine Efficiency, BE

Specific Impulse, Isp

I_ll B

PA/IB

Accel Electrode Temperature_ TA

Cathode Housing Temperature_ Tc

Chamber Pressure3 P

3.8 kv

-0.6 kv

4.5mA

389 mA

7.7 volts

38.5 amps

1.479 kw

0. 020 kw

0. 007 kw

0.298 kw

I.804 kw

9.03 mlb

200 kw/Ib

82_

91.5_

75,_

6930 sec

1.2_

0.766 key/ion

282°C

462°C

1.0 x 10 -7 mm Hg
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The rate of cesium consumption, as determined by

weighing the reservoir before and after the run, was determined to be

2.12 gm/hr with an average beamcurrent of 389 mA. This gives an abso-

lute mass utilization determination of 91.5 percent at 766 ev/ion.

This is in excellent agreement with previous determinations made with a

neutral efflux detector (EOS Report 3670-Final, NASA CR-54067). Neutral

efflux determinations made in the facility being used for extended

duration tests have indicated slightly lower mass utilization efficiencies

(87.5 percent in the case of the 238-hour test).

Figure 51 presents a time profile of the accelerating

electrode temperature and the drain current during the 238-hour run.

The lowest drain current toward the beginning of the run was 3 mA of

which 0.5 mA was residual. Toward the end of the run the drain current

was 4.8 mA of which I mA was determined to be residual. The net increase

during the 238 hours was about 1.3 mA while the net increase in accel-

erating electrode temperature was over 40°C.

The highest temperatures and drain currents encountered

around the middle of the test are believed to be due to direct inter-

ception caused by thermal expansion of the aluminum electrode. The

coefficient of thermal expansion of aluminum is 1-1/2 times that of

copper and 3-1/2 times that of molybdenum. At 2-inch radius, and 280°C,

the apertures would be misaligned by 0.011 inch, sufficient to introduce

some direct interception. Apparently, after about 150 hours, changes in

the edges of the outer apertures caused by sputtering had proceeded to

the point where the direct interception was reduced.

Condition of Engine After Test

After the run the engine was in excellent condition. A

more complete ground cage enclosure prevented backstreaming electrons

from the beam plasma from striking the magnet covers as had been the case

in the 281-hour run with a copper electrode.

Figures 52 and 53 are photographs of the accelerating

electrode after the run. Damage was minimal; the deepest pits, at the
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FIG. 52 DOWNSTREAM S I D E  OF ALUMINUM ELECTRODE AFTER 
238-HOUR TEST 

FIG. 53 UPSTREAM S I D E  OF ALUMINUM ELECTRODE AFTER 
238-HOUR T E S T  
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region between the large and small hole patterns were 0.003 to 0.004

inch. During the 238 hours the electrode lost 0.323 gmsof aluminum,

0.8 percent of its original weight.
The 0.003 to O.004-inch deep pits for the 238-hour

aluminum electrode test maybe comparedwith the corresponding 0.018

to O.024-inch pits for the 281-hour run with the copper electrode. The

volume erosion rate of the aluminumelectrode appears to be about 1/5

that of the copper electrode. On the basis of the 238-hour run and the

electrode material studies, aluminum was chosen as the electrode material

for the 750-hour tests described in Section 3.

Feed System Performance

During the 238 -hour run, no feed system malfunctions

were encountered. Near the beginning of the run, the vaporizer power

was 17 watts which decreased to 15 watts as the reservoir reached its

steady-state temperature range of 130 to 140°C. In the last hour of the

run, vaporizer power increased to the imposed limit of 30 watts but the

beam current could not be maintained due to lack of cesium.

Weighing of the reservoir disclosed that 18.4 gm of

cesium remained in the feed system. A calculation based on the porosity

and volume of the porous vaporizer rod indicates that it holds abou_

19 gm cesium. The only cesium remaining in the feed system would there-

fore be that trapped in the porous wick. Since the feed system used in

these tests can be filled with about 2.13 kg cesium, 99 percent of a full

load can be utilized with the 5-pound feed system.
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2.4 DF Engine

The engine designated DF was developed from the DE engine

using components and modifications as suggested by the results of the

two long tests of the DE engine and, where possible, as suggested by

results obtained on the applied research portion of the program

described in Section 4 of this report.

An electrode system developed under the applied research

effort for the permanent magnet engine was adopted for the DF engine.

A modification was made to the magnet windings on the engine to gen-

erate a divergent magnetic field toward the screen electrode. This

also was a direct result of the applied research program and resulted

in an increase in overall engine efficiency of approximately I0 per-

cent over the entire operating range of specific impulse. The cathode

for the DF engine was fabricated entirely of molybdenum rather than

titanium alloy to prevent contamination of the electrodes. Finally,

a new electrode support insulator and shield system was designed to

prevent insulator contamination and to allow free radial expansion of

the accelerating electrode.

2.4.1 Electrodes

The electrodes designed for the DF engine were of

the distributed geometry type developed under the previous program

and described in Ref. I. This design was modified by the addition of

a third aperture size pattern between the inner and outer aperture

areas to reduce the discontinuity in focusing characteristics observed

during the course of the plasma distribution studies. For the DF

engine, the screen electrode aperture diameters were reduced slightly

from the corresponding dimensions of the DE electrodes. The counter-

sink angle on the back side of the screen electrode apertures was

increased from 72 ° to 90 ° to more closely approximate a thin screen.

The apertures' diameters on the accelerating electrode were reduced

to approximately 80 percent of the diameters of the screen electrode.
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The accelerating electrode was increased in thickness from 0.062 inch

to 0.125 inch and was fabricated from aluminum. On the basis of a

linear extrapolation of the results of the 238-hour test, it was esti'

mated that only 8 percent of the electrode weight would be lost in 5OO0

hours. Since the accelerating electrode and screen electrode operate

at 250°C, the matched drilling previously employed to obtain close

alignment between matchlng apertures was abandoned in favor of drilling

the apertures on different hole patterns. This allowed a reduction in

the radial distance to a given accelerator electrode aperture as com-

pared with the radial distance to the matching screen electrode aper-

ture at room temperature. With this process it is possible to correct

for the difference in thermal expansion of the two electrode materials

and achieve better alignment of the apertures at operating temperature.

2.4.2 Distributed Magnet Windings

The high efficiency of the permanent magnet engine

reported in Subsection 4.4 of this report was the result of the new

electrode aperture pattern and a divergence in the magnetic field

toward the screen electrode. The divergence of the magnetic field

caused a displacement of the electrons toward the screen electrode, a

resultant potential gradient within the discharge, and acceleration of

ions within the discharge toward the screen electrode. This increased

the ratio of ions to neutral cesium atoms arriving at the screen elec-

trode for a given ionization percentage within the chamber. As a

result, the same high mass efficiency (90 to 93 percent) was obtain-

able with much less arc power. Mass utilization of 93 percent was

obtainable at 400 ev per ion as compared with 750 ev per ion for the

DE engine.

Since the PMengine had not been run extensively and

the DF engine was being designed for a 750-hour run, the magnet wind-

ing on the DF engine was redistributed to create a magnetic field

divergence toward the screen electrode similar to that of the PM

engine as shown in Fig. 54.

2.4.3 Autocathode

To avoid the possibility of titanium contamination,

the housing of the autocathode used on the DF engine was made of molyb-

denum. The orifice plate had previously been changed to molybdenum as

a result of titanium contamination of the DE engine electrodes.
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FIG. 54 DISTRIBUTED ELECTROMAGNET W I N D I N G  



2.4.4 Electrode Support System

Modifications and redesign of the accelerator elec-

trode supporting insulators, the insulator shields, and the electrode

support ring were accomplished. The convolutions on the insulator

were reversed to increase their effectiveness. Contamination of the

insulators was decreased by reducing the diameter of the shields.

Redesign of the support ring resulted in a weight reduction and better

flexibility to accommodate expansion of the accelerator electrode.

The DF engine with the 750-hour cesium feed system

and manual valve is shown in Figs. 55, 56, and 57 prior to the start

of the long tests described in the next section.

2.4.5 LiEhtweiEht Engine

A lightweight version of the DF engine was fabricated

and tested. The major change from the DF engine used for the long

duration test was in the design of theengine body. The body of the

lightweight engine consists of two nested shells of spun stainless

steel 0.010 inch thick. Circular grooves were spun into the inner

shell at four positions along its axis to provide structural rigidity.

A stainless steel end ring was electron-beam welded

to the inner shell. _ After the magnet windings had been installed,

the outer shell was slipped over the inner shell and fixed to the end

ring with screws. The end ring and ridges spun into the inner shell"

maintained clearance between the two shells. Bosses were then fitted

into holes in the shells to accept the insulators for the anode sup-

ports. The inner and outer shells were then bolted to the cathode

plate. The assembled body weighs 598.5 grams, approximately 150 grams

less than the standard DF body. Figure 58 is a photograph of a com-

plete engine, designated the DF-S, utilizing the lightweight shell.

The holes in the outer shell permit outgassing when the engine is in

the vacuum facility.
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DF ENGINE SYSTEM, SIDE VIEW 
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FIG. 57 

..... ........ .......... .......... .............. .............. ........... ........... 

END VIEW OF DF ENGINE SYSTEM SHOWING 
DF ELECTRODE 
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FIG, 58 DF-S LIGHTWEIGHT ELECTROMAGNET ENGINE 
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Plots of the axial magnetic field along the axis and

1.25 inches off the axis are shownin Fig. 59. Corresponding points

for the DF engine used in the long duration test are shownfor com-

parison. The fields are seen to be similar. Design differences
between the DF-Sbody and the standard DF body prevented exact dupli-

cation of the field windings.

The DF-S engine was operated for approximately 20

hours. Its performance was thoroughly mappedand found to be similar

to that of the standard DF engine. Overall engine efficiency versus

specific impulse and power-to-thrust ratio versus specific impulse

curves for these points are displayed in Figs. 60 and 61. Correspond-

ing curves for the standard DF engine are also shown. The curves

mesh at 7000 secondswith the standard DF engine performing better

at the lower specific impulses. This is due to the fact that the

electrode gap was slightly larger for the DF-S engine tests.
While minor problems were encountered during fabrica-

tion, it was possible to reduce the engine weight by I0 percent

through the use of this type of construction.
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3. DF ENGINETESTS

Engine performance and lifetime were evaluated through performance

mapping and extended tests of a DF engine. Engine efficiency over 80

percent at a specific impulse of 7000 seconds was achieved in three con-

secutive tests of a DF engine during which 2610 hours of operation were

accumulated. Lifetime estimates based on the results of these long

tests exceed I0,000 hours.

3.1 Facility and Test Equipment

For the DF engine tests, the collector and liner designs of

the facility described in Subsection 2.3.1 were changed to reduce back

sputtering of copper to the engine system. The modified facility is

shown in Fig. 62.

The inside diameter of the liner baffles was increased to

allow more of the engine exhaust to pass to the collector and thus

reduce sputtering from the liner. To shield the exposed liner surfaces

from ion beam impingement, more baffles (with the large inside diameter)

were added. A new collector consisting of long square tubes stacked

parallel to the tank axis was designed and fabricated. Because the

tube length is 5 times its width, trapping of material sputtered within

the tube is very effective. The walls of the tubes represent only 15

percent of the frontal area of the collector.

The facility maintained pressures below i x 10 -6 mm Hg with

an operating engine system.

The engine and feed system were operated by a DE control

system of the type discussed in EOS Report 3670-Final (NASA CR-54067)_

Vacuum, power, and high-voltage functions were interlocked to provide

alarm signals or shut the system down in the event of engine system or

test equipment malfunctions. Modifications were made to the system to

allow recording of the beam current, arc current, vaporizer heater
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current, and run time. A new, more reliable high voltage cycling

circuit was incorporated into the system and provision for automatic

removal of vaporizer heater power in the event of any high-voltage

malfunction was added.

3.2 Performance Mapping

The DF engine was placed in the above described facility and

its performance evaluated over a wide range of operating levels.

3.2.1 Measurements and Calculations

The directly measured engine operating parameters are

the positive and negative high voltages, the beam current, the nega-

tive high voltage supply drain current, the arc current, the arc volt-

age, the magnet current, and the magnet supply voltage. The total

flowrate is measured indirectly by a method which will be discussed

later in this section.

Voltages and Currents

The arc current, arc voltage, magnet current, and

magnet voltage are read off dc meters between the power supplies

(which are isolated at high positive potential) and the power feed-

throughs on the engine mounting flange. The positive and negative

high voltages are read from meters mounted in the control panels of

the HV power supplies. The signals are measured near ground by means

of voltage dividers. The negative supply drain is also metered at

the control panel.

The low sides (near ground potential) of both high

voltage supplies are joined together and go through a current meter to

ground. This meter thus reads the difference between the positive and

negative supply currents, which is the net positive current leaving the

engine, and is taken to be the beam current. This measurement of the

beam current should be lower, if anything, than the actual energetic

particle flow out of the engine since fast neutrals, formed by charge

exchange, are not counted in the beam current and electrons going from
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the accelerating electrode to ground are subtracted from the beam

current. Electrons going from the accelerating electrode to V+ or

ions going from the ion source to V (the accelerating electrode) do

not affect the beam current measurement.

Total Flowrate

The total flowrate is determined by means of a neutral

cesium detector. This detector has an entrance portion in which elec-

tric fields sweep away ions and prevent them from entering the detector.

Neutral cesium atoms entering the detector are ionized at a hot tung-

sten filament and these ions are collected and measured. A mechanical

shutter prevents any particles from entering the detector and allows

determination of the background signal level which is subtracted from

the detector reading.

The angular acceptance entrance area, and distance

of the detector from the engine are such that about 4 x 10-7 of the

neutral particles are sampled. The angular acceptance is wide enough

so that the efflux over most of the engine frontal area is sampled.

The total flowrate is determined for each performance

point by calibrating the neutral detector signal in terms of a total

equivalent neutral efflux current. The vaporizer power is set manually

and when steady-state conditions are reached, the beam current IB, and

the neutral cesium detector signal, INCD, are recorded. Keeping the

vaporizer power (and the feedrate) unchanged, the arc power is then

reduced and a lower beam current, _, and a higher neutral detector

signal, ' ,INC D are measured.

The change in the neutral detector signal, f_INcD =
!

INC D - INCD, corresponds to an increase of the total neutral efflux

of A_ = _ - _ since the flowrate was held constant. The neutral

particle current equivalent of the neutral detector signal INC D is

therefore

Ics = INC D (f_IB/AINcD)
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and the total flowrate (in current equivalent) is

I o Ics= IB +

Calculations

The total power into the engine is defined to be the

sum of the beam power, the drain power, the arc power, and the magnet

power. The currents and voltages are designated as:

Symbol

v+
V

IB

I

VA

IA

VM

Meaning

positive high voltage

negative high voltage

beam current

negative HV supply current (drain current)

arc voltage

arc current

magnet voltage

magnet current

The associated powers are:

Power _fmbol How Calculated

Beam Power PB _ V+

Drain Power PD I_ (V+ + ]V_I )

Arc Power PA IA VA

Magnet Power PM IM VM

The total power into the engine, PT' is therefore:

PT = PB + PD + PA + PM

The power efficiency, qp, is defined to be the ratio of the power in

the beam to the total power being fed into the engine or:

_p = PB/PT
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The massutilization efficiency, _M' is defined to be the ratio of the
ion efflux to the total efflux (ions plus neutral particles) or:

NM = IB/lo

The overall engine efficiency, qE' is defined as the product of the
power efficiency and the massutilization efficiency or:

NE = qp BM

The thrust, T, is calculated from the beamcurrent (I B and the net

accelerating voltage V+). The ions leave the engine with a velocity
v+ = (2eV+/Mcs)I/2 where e is the electronic charge and MCsis the mass
of a cesium ion. The number of ions leaving the engine per second is

N+ = IB/e and since each ion has the massMCsthe flowrate of acceler-
ated ions is

_+ = McslB/e

The thrust is then given by

/2Mcs V+) I/2
r = _+ v+ = _ e

For h in amps and V+ in kilovolts this is

T = 11.9 1B L I/2 miD

To calculate the specific impulse, I , the neutral
sp

efflux is assumed to have negligible velocity. The specific impulse

is defined to be the thrust, in pounds divided by the total flowrate

of propellant in ibs/sec, or:

Isp = T/W = T/_g = _+ v+/_g

where _ is the total mass flowrate and g is the acceleration due to

gravity at the earth's surface.
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The specific impulse is then

Isp = (_M/g) (2eV+/Mcs)I/2

For V+ in kv, the specific impulse is given by:

Isp = 3.88 x 103 qM (V+)I/2 seconds

The power-to-thrust ratio is calculated simply as the total power into

the engine divided by the thrust. The usual units are kilowatts per

pound thrust.

3.2.2 Results

The DF-I engine was performance mapped over a wide

range of optimum and nonoptimum operating conditions. The measurements

with the reduced data are presented in Table IX. All data were taken

after a minimum of I0 minutes steady operation and at a pressure less
-6

than I x i0 mm Hg.

Figure 63 presents the optimum overall engine effi-

ciency as a function of specific impulse. The minimum power-to-thrust

ratio as a function of specific impulse is given in Fig. 64. Figure 65

presents some data for thrust versus specific impulse. The high thrust

data do not always correspond to optimum operating parameters for high

efficiency. The maximum thrust curve represents a limit imposed by the

perveance and optics of the electrode system and perveance matching of

the plasma density distribution. The dotted line represents the thrust

as calculated from the best performance data of Figs. 63 and 64 cor-

rected to 2.4 kw total engine power level.

3.3 Extended Duration Tests

A single test with the operational requirements shown below

was originally planned. The excellent condition of the DF-I engine

after the first and second tests prompted the second and third tests,

respectively.
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3.3.1 Operating Level

The requirements of the 750-hour test were:

io Run time of 750 hours or longer

2. Thrust level of I0 mlb or higher

3. A specific impulse in the range of 4000 to 7000 seconds

4. Total power to engine and feed system of 2.4 kilowatts

or less

The 750-hour feed system was loaded with 2158 gms of

cesium. Deducting the 38 gms calculated for performance mapping and

estimating that 20 gms of cesium (less than one percent of the initial

load) will remain trapped in the porous wick, 2100 grams of cesium

should be available for the run. This would allow a flowrate of 513 mA

for 825 hours (i0 percent margin). At a mass efficiency of 93 percent,

i0 mlb could be obtained at about 6350 seconds. This set a lower limit

on the test specific impulse°

The performance mapping data were reviewed by the

NASA Project Manager and EOS project personnel. The operating

point was jointly chosen to optimize overall efficiency while

meeting contractual requirements. The data of Table X were

taken after the engine system had been operating continuously for

82 hours. For this operating point it was anticipated that the

lifetime should be very long.

3.3.2 878-Hour Test

The first test was started on 28 December 1964.

Termination of the run occurred 3 February 1965 after a total operating

time of 878 hours. Termination was due to exhaustion of the cesium

supply.

The system accumulated 771 hours of continuous oper-

ating time at the performance point presented in Subsection 3.3.1.

Variations of all recorded operating parameters from their initial

levels during the 771 hour period were extremely small. Beam current

and accelerating voltages were maintained constant during the run.
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TABLEX

OPERATINGPOINTFORFIRSTLONGTEST

Positive High Voltage, V+ (kv)
Negative High Voltage, V (kv)

Negative HVCurrent, I (amp)

BeamCurrent, IB (amp)

Arc Voltage, VA (volt)

Arc Current, IA (amp)

MagnetVoltage, VM (volt)

MagnetCurrent, I M (amp)

BeamPower, PB (kw)

Drain Power, PD (kw)

MagnetPower, PM(kw)

Arc Power, PA (kw)

Total Power, PT (kw)
Thrust, T (mlb)

Power-to-Thrust Ratio, P/T (kw/ib)

PowerEfficiency, _p (%)
MassEfficiency, _M(%)

Overall Engine Efficiency, nE (%)
Specific Impulse, I (sec)sp
Ratio of Drain Current to BeamCurrent, I_/I B (%) '

Source Energy per Ion, PA/IB (kev/ion)

* Takenat time zero

3.7

0.49
0. 0047

0.440

6.7

25.5

5.4

2.2

1.627

0.0197

0.0119

0.171

i .8296

i0.05

182

89

-_ 93*

82.7

6923

1.07

0. 389
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At 771 hours a residual gas analysis was performed on

the vacuumchamber. During the assembly of the analysis apparatus to

the chamber, the backing line to the main diffusion pumpwas acci-

dentally opened to atmosphere. This caused a pressure failure which

resulted in an engine shutdown for approximately 45 minutes until

normal pressure was restored. At that time, the engine was returned

to operation at the original beamlevel. InTnediately after restart

it was clear that changes in the emissivity of the engine surfaces

has taken place. However, after 16 additional hours of operation,

operating parameters returned to the original levels. A 30 percent

increase in the arc impedancewas also noted after restart. The arc

recovered its original impedanceduring the following 16 hours.

During the measurementof the residual gasses in the

vacuumchambera total pressure of 7 x 10-8 torr and a partial pres-
I0-IIsure of oxygen of less than 3 x torr were measured. At this low

partial pressure the arrival rate of oxygen on the aluminum accelerator

is too low to have any significant effect on surfaces which are being
sputtered°

Including performance mapping prior to start of the

long test, the engine was operated a total of about 892 hours of which

878 hours were at the operating conditions chosen for the test. Analy-
sis of 146 data points (four per day) taken during the 878-hour run

give the average test parameters presented in Table XI. All of the

basic power data are averages over the 878 hours. The massutiliza-

tion efficiency was determined by measurementof the amountof cesium

consumedand is in good agreementwith neutral detector _ata taken

during performance mapping and at times during the extended test.

Uponremoval from the vacuum system, the engine was

found to be in excellent condition. Figures 66, 67, and 68 are photo-
graphs of the engine taken shortly after its removal from the test

chamber° As in earlier tests with DEengines, the only apparent

erosion was in the form of pits between apertures on the downstream
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GABLEXl

DF ENGINE OPERATING PARAMETERS

AVERAGED OVER 878-HOUR TEST

Positive High Voltage, V+ (kV) 3.7

Negative High Voltage, V. (kV) 0.5

Negative HV Current, I. (amp) 0.0048

Beam Current, IB (amp) 0.440

Beam Power, PB (kW) 1.628

Drain Power, PD (kW) 0.020

Magnet Power, PM (kW) 0.012

Arc Power, PA (kW) 0.173

Total Power, PT (kW) 1.833

Thrust, T (mlb) 10.08

Power-to-Thrust Ratio, P/T (kW/Ib) 181.8

Power Efficiency, _p (_) 88.8

Mass Efficiency, _M (_) 93.2

Overall Engine Efficiency, TIE (_) 82.8

Specific Impulse, I (sac) (_94_
sp

Ratio of Drain Current to Beam Current, I./_ B (_) I.I

Source Energy per Ion, PA/IB (keY/ion) 0.394

Total Cesium Flowrate, I° (amp) 0.4?2

Total Cesium Flowrate, (gm/hr) 2.35
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F I G .  67 DF ENGINE AND F E E D  SYSTEM AFTER 
878-HOUR T E S T  

4920-Final 106 
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side of the accelerating electrode. The deepest pits occurred in the

webs located between apertures of different sizes and were about 0.020-

to 0.025-inch deep. The electrode was O.125-inch thick so the pits

had progressed through about 20 percent of the electrode.

3.3.3 880-Hour Test

Because of the excellent condition of the DF engine

after the 878-hour test, it was decided by the NASA-Lewis Project

Manager and EOS project personnel to retest the engine.

Prior to the second test, a minimum of cleaning was

done on the engine. The electrode system was placed on the alignment

jig and the accelerator electrode was removed. The gap side of the

screen electrode was brushed to remove copper peelings and the accel-

erator plate was replaced. The electrode gap remained at 0.069 inch.

Three small insulators at the rear of the engine support system which

insulate the anode leads from cathode potential were cleaned before

the system was rerun. No other engine components were cleaned.

The porous rod in the feed system was replaced. In

addition, the diaphragm of the manual valve was replaced. This com-

ponent had developed a leak, apparently during handling after the

878-hour run.

While the vacuum system was being cleaned, the engine

was stored in a hot vacuum oven in an attempt to prevent contamination.

Repeated openings of this facility to atmosphere, however, caused

oxidation of sensitive engine surfaces (cathode emitter and accelerator

electrode) which was not apparent until the engine was restarted.

The first attempt to start the second test failed

because of an intermittent short between the accelerator electrode and

the ground shield. Improper placement of one of the baffles in the

vacuum system forced the ground shield against the engine. After 3

h_f operation the run was terminated due to this problem. The
J

system was removed from the facility, the baffle was relocated, and

the engine was reinstalled. The long test was restarted and the engine

reached full beam at 8 PM on i0 March 1965.
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Initially, the arc impedancewas approximately 25

percent higher than at the end of the previous run. After approxi-

mately 150 hours of operation this impedancewas within 8 percent of

the normal value and was continuing to drop.

After i00 hours of operation, the frequency of high

voltage overload cycling went up to about 2 cycles per hour, appar-

ently due to electrode contamination. It was decided to reduce the

operating level from 438 mAbeamto 402 mAo This was done for

approximately 20 hours and the cycling rate dropped to once every
5 hours. At this time, the original beamlevel was reestablished

and was maintained for the remainder of the test. High voltage

overload cycling was almost nonexistent at 500 hours into the run.

Cleanup of the electrodes had apparently been completed.

The second DF-I engine test was terminated due to

exhaustion of cesium on 16 April, 1965o Total engine operating time

for this test was 880 hours. The cumulative operating time at termina-
tion of the second test was 1772hours.

Engine operation was normal at the end of the second

test. The last data recorded prior to running out of cesium are pre-
sented in Table XII.

Figures 69, 70, and 71 are photographs of the DF-I

engine system taken upon its removal from the facility. Little increase

of deterioration was noted upon inspection.

The electrode system had not been realigned exactly as
it had been on the first test. The charge exchangepits on the down-

stream side of the accelerating electrode were coincident with those

of the first test in only one small area of the electrode° Wherethe

erosion was superimposedover that encountered in the previous test,
the deepest pits were measuredto be 0.033 to 0.037 inch deep. They

were 0.020 to 0.025 inch deep after the first test, so it appeared

that, as expected, the rate of penetration decreases as the pits deepen.

Over other areas of the electrode, the new pits were displaced from the

4920-Final 109



TABLE XII

DF-I ENGINE PERFORMANCE SHORTLY BEFORF-

TERMINATION OF SECOND LONG TEST

Positive High Voltage, V+ (kv) 3.7

Negative High Voltage, V. (kv) 0.38

Negative }IV Current, I (amp) 0.0058

Beam Current, IB (amp) 0.439

Beam Power, PB (kw) 1.624

Drain Power, PD (kw) 0.024

Magnet Power, PM (kw) 0.012

Arc Power, PA (kw) 0.178

Total Power, PT (kw) 1.838

Thrust, T (mlb) 10.05

Power-to-Thrust Ratio, P/T (kw/ib) 182.8

Power Efficiency, Bp (4) 88°4

Mass Efficiency, BM (4) _ 92.0

Overall Engine Efficiency, qE (_) -_ 81.3

Specific Impulse, Isp (sec) 6850

Ratio of Drain Current to Beam

Current I_/I B (_) 1.3

Source Energy per Ion, PA/IB
(key/ion) 0.406

Total Cesium Flowrate, I (imps) 0.477
O

Total Cesium Flowrate, (gm/hr) 2.38
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F I G .  70 DF-1 ENGINE SYSTEM AFTER 1 , 7 7 2  HOURS CUMULATIVE OPERATION 
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earlier ones made by several thousandths of an inch and were of approxi-

mately the same depth (0.020 to 0.025 inch deep).

Analysis of the deposits on the cathode orifice plate

and screen electrode disclosed that the main constituents were copper

and aluminum as in the first test (EOS Report 4920-ML-12) _. Both the

downstream and upstream sides of the accelerating electrode had copper

on them. The copper deposited on the gap side is assumed to have been

reevaporated from the cathode orifice plate. In addition, most of the

deposits showed the presence of small but significant amounts of

titanium, assumed to have been sputtered back from the titanium hood

(which extended in front of the engine) used as part of the ground

screen system which surrounded the engine in the facility.

3.3.4 838-Hour Test

It was decided by the NASA Project Manager and EOS

project personnel to retest the engine system since it was still in

excellent condition. The engine system was disassembled and parts

cleaned of flaky or crumbly deposits as necessary. The accelerator

electrode insulators were removed from the electrode system and the

screen electrode and support were cleaned. The gap side of the accel-

erator electrode was cleaned by wiping with a dilute solution of nitric

and sulfuric acid. The electrode was then rinsed in distilled water and

dried; the downstream side was not cleaned. The electrode insulators

were not cleaned. The electrode system was reassembled and the gap set

at 0.070 inch as before.

It was discovered that the cathode heater terminal

(external to cathode) had been fused and was open-circuited. The

cathode heater was operating normally during a cleanup cycle at the

termination of the second test and the incident is not understood. A

new heater terminal was attached and the same cathode was reinstalled

on the engine°

The engine was completely assembled, the feed system

reloaded, and the engine system installed in the facility, which had

been cleaned and refurbished where necessary.
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During pump-down of the vacuum facility and feed

system conditioning, one of the windows on the vacuum chamber cracked.

Attempts to control the pressure and protect the cesium reservoir,

which was being pumped out, failed. As a result, some cesium was

expelled into the engine chamber and facility during the startup

procedure.

Attempts to thermally cycle the engine and clean out

the cesium resulted in the flaking of copper deposits on the inside of

the arc chamber. Anode-to-cathode shorts due to this material forced

the removal of the engine. A check of the electrode system revealed

it to be in good condition and it was only necessary to clean the

anode and arc chamber. No cesium was added to the reservoir as only

a small percentage of the supply was lost.

The engine was reinstalled in the chamber and started

satisfactorily on 28 April 1965. This run was terminated on 4 June

1965, at 838 hours, by the exhaustion of the cesium supply. This

engine had accumulated 1772 hours of operation during its two previous

long-term runs and periods of performance mapping. Thus, the DF-I

engine system had a cumulative operating time of 2610 hours.

During the greater portion of the third test, the DF

engine was operated at the performance points shown in Table XIII.

This point was somewhat lower than that at which the previous tests

were run but was selected because stable operation of the feed loop

could be maintained there. The performance points listed also repre-

sent the average conditions over the entire run.

Failures of support equipment resulted in a total of

60 hours during which the DF engine was not producing thrust. These

failures were mostly in the high voltage supply control and alarm

circuits.

After approximately 60 hours of operation, failure

of the positive high-voltage supply to come on after a high-voltage

arc resulted in about 2-1/2 hours of zero-beam condition during which
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TABLEXlll

DF-I ENGINEAVERAGEDPERFORMANCE

DURINGTHIRDEXTENDEDTEST

Positive High Voltage, V+ (kv)

Negative High Voltage, V (kv)

Negative HV Current, I. (amp)

Beam Current, IB (amp)

Beam Power, PB (kw)

Drain Power, PD (kw)

Magnet Power, PM (kw)

Arc Power, PA (kw)

Total Power, PT (kw)

Thrust, T (mlb)

Power-to-Thrust-Ratlo, P/T (kw/Ib)

Power Efficiency, _ (4)

Mass Efficiency, qM (_)

Overall Engine Efficiency, BE (_)

Specific Impulse, Isp (see)

Ratio of Drain Current to Beam

Current, I./I B (_)

Source Energy per Ion PA/IB (key/ion)

Total Cesium Flowrate, I (amps)
O

Total Cesium Flowrate, (gm/hr)

_.65

0.32

0.008

0.434

1.584

0.032

0.012

0.177

1.805

9.85

183

87.4

92.0

80.4

6805

i.84

0.4O8

0.472

2.36
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the vaporizer stayed on and operated at its maximumoutput. The amount

of cesium expendedduring this period was equivalent to that used

during 35 to 40 hours of normal engine operation.

At approximately 350 hours, a change in the vaporizer

characteristic was noted. This changewas evidenced by the higher

vaporizer power and consequent higher vaporizer temperature necessary

to maintain the proper level of cesium ir_put to the engine. The total

variation in the vaporizer characteristic, which took place over a

period of several days, resulted in a vaporizer power of about 21 watts

or 7 watts higher than normal. The corresponding vaporizer temperature
changewas from about 275°C to about 350°C. At these powers and tem-

peratures, the heating or flow increase response of the vaporizer was

very sluggish and the cooling or flow decrease response was very rapid.

Becauseof the highly nonlinear response, the feed system control loop
was unable to function correctly and oscillations in the cesium feed-

rate caused wide excursions of the beamlevel from its steady-state

operating point.

The cause of the change in vaporizer characteristic

was thought to be either an occlusion of the feed line in the valve or

cathode, or a defective vaporizer rod. Assumingthe former cause,

efforts were madeto clear the blockage by applying additional power

to the valve heater and by closing and reopening the manual valve.

These attempts were unsuccessful and it was necessary to alter the

feed control loop to compensatefor the erratic feed.

At approximately 600 hours, a change in the arc

characteristic was noted. The arc impedanceincreased about 6 percent.

The cathode heater appeared to have deteriorated and caused the engine
to go into an unstable arc mode. Arc voltage was increased until the

arc stabilized, and then reset at approximately its original value.

At this time, it was also noted that the cathode heater appeared to

be short-circuited. Since the cathode heater is used only for startup
of a "cold" engine, this did not prevent continuation of the test.
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After the third test, photographs were taken of the engine with the feed

system removed (Figs° 72, 73, and 74)° It can be seen that the engine

was still in excellent condition.

Figure 75 shows the high voltage rest cycles, facility

pressure, and accelerator electrode drain current versus time for the

2610 hours of operation of the DF-I engine. The curve of rest cycles

shows the cleanup which occurred during each test as the electrodes

cleaned Upo

The pressure profile shows the tank cleanup, the occur-

rence of the vacuum failure at 771 hours, and the breaks in vacuum for

reloading the feed system between tests.

The accelerator electrode drain current shows some

wear-in during early portions of the second and third tests and an

increase from test to test due to insulator leakage and, during the

third test, due to erratic operation caused by power supply failures.

3.4 Analysis of Components

The feed system was carefully inspected and analyzed after

each test, since reloading required a complete system cleaning and

replacement of the porous rod. Detailed analyses of engine components

were made after completion of the third test.

3.4.1 Feed System

The feed system was run for a total of 896 hours

during performance mapping and the first long duration engine run.

At the end of the run, the system was weighed and 13.4 grams of cesium

were found to remain. This amount was held entirely by the porous rod

and the reservoir itself was completely empty.

During disassembly of the feed system in the dry box

two deposits of an unknown substance were found. These deposits were

on the manual valve diaphragm and plunger. A spectrographic

analysis was made with the results shown in Table XIV. Sample SN4-9

was from the plunger and SN4-10 from the diaphragm. The major con-

stituent was cesium.
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FIG. 72 DF-1 ENGINE AFTER 2610 HOURS CUMULATIVE OPERATION W I T H  FEED 
SYSTEM REMOVED 
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F I G .  73 DF-1 ENGINE AFTER 2610 HOURS CUMULATIVE OPERATION WITH FEED 
SYSTEM REMOVED 
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F I G .  74 DF-1 ENGINE AFTER 2610 HOURS CUMULATIVE OPERATION WITH FEED 
SYSTEM REMOVED 
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TABLE XIV

ANALYSIS OF DEPOSITS IN VALVE

SN 4-9 SN. 4-10

Ceslm- Major constituent - -

Iro_- O. 070% 9.26%'

Stllcon- i .8 0.011

IMNltum- O. 67 O. 022

MaSheS lure- O. 0035 O. 00044

_anese- O. 0068 O. 014

Boron- O. 093 not dolmct_ll

less than 0.005

0.026 O. 059

o.oo28 o.ooz 
e.4_Rrr - O. 0031 O. 0013

Calci-..- O, 0018 O. 0012

Five samples of the porous rod were taken as shown in

Fig° 76° Table XV gives the results of the spectrographic analysis of

these samples. Sample SN4-2 is of a sample removed from the rod during

initial assembly of the feed system° Due to the dry condition of the

reservoir, a cesium sample could not be taken for spectrographic

analysis.

After removing the feed system from the dry box, all

parts were cleaned with stainless cleaner, washed in distilled water,

dried, and weighed. The changes in weight are tabulated in Table XVI.

Near the conclusion of the first engine run (when the

cesium was depleted), the vaporizer power had increased and excessively

heated the end of the vaporizer rod. All cesium was evaporated from the

rod for a distance of approximately 3/4 inch° Because of this, the

vaporizer surface condition could not be visually evaluated.
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Further analysis of the reservoir was not performed

as it was decided to replace the porous rod and reload the feed system

for further testing with the DF engine. When assembling the manual

valve, a leak was discovered in the diaphragm assembly which was then

replaced.

Second Test

The feed system was run for a total of 880 hours

during the second long duration engine run. At the end of the run,

the system was weighed and 12.0 grams of cesium remained. This amount

was held entirely by the porous rod. The reservoir itself was com-

pletely empty.

Five samples of the porous rod were taken as before.

Table XVll lists the results of the spectrographic analysis made on

these samples. Sample SN4-11 is of a sample removed from the rod

during initial assembly of the feed system. Due to the dry condition

of the reservoir, a cesium sample could not be taken for spectrographic

analysis.

After removing the feed system from the dry box, all

parts were cleaned witha stainless steel cleaner, washed in distilled water,

dried, and weighed. The changes in weight are tabulated in Table XVl.

As in test I, at the conclusion of the engine run

(when the cesium was depleted), the vaporizer power had increased and

excessively heated the end of the vaporizer rod. All cesium was evaporated

from the rod for a distance of approximately 3/4 inch. Because of this,

the vaporizer surface could not be visually compared with previous runs.

Further analysis of the reservoir was not performed

as it was decided to replace the porous rod and reload the feed system

for further testing with the DF engine.
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TABLEXVII

ANALYSISOFPOROUSRODAFTERSECONDTEST

Element

Control

Samp ie
SNI- 13 SNI-14 SNI-15 SNI-16 SNI-17 SNI-II

Manganese 0.11% 0.10% 0.10% 0.10% 0.14% 0.01%

Iron 0.70% 0.49% 0.78% 0.48% 0.61% 0.019%

Silicon 0.13% 0.09% 0.17% 0.12% 0.20% 0.04%

Copper 0.11% 0.08% 0.14% 0.12% 0.22% 0.04%

Cobalt 0.17% 0.15% 0.15% 0.17% 0.22% 0.11%

Titanium 0.01%* 0.01%* 0.01% 0.01%* 0.01%* 0.003%*

Nickel rem rem rem rem rem rem

Chrome 0ol-0.5% 0.06% 0.07% 0.02%* 0.02%* 0.003%*

*Less than
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Third Test

The feed system was run for a total of 838 hours

during the third long duration run. At approximately 350 hours, a

change in the vaporizer characteristic was noted. The cause of this

change in vaporizer characteristic was thought to be either an occlusion

of the feed line in the valve or cathode or a defective vaporizer rod.

Because of this change in the vaporizer, it was neces-

sary to disassemble the feed system and engine with great care to

determine where any occlusion may have developed. Therefore, all parts

were disassembled in the dry box. All feed system surfaces were as

they had been after previous tests. No obstructions were noted.

The feed system was weighed and 17.4 grams of cesium

remained. This amount was held entirely by the porous rod and the

reservoir itself was completely empty. Due to the dry condition of

the reservoir, a cesium sample could not be taken for spectrographic

analysis.

When the porous rod was removed from the reservoir,

a surface area of approximately the reservoir height by 1/4 the rod

circumference was found to have not been wetted by the cesium.

Five samples of the porous rod were taken as shown

in Fig. 76. Table XVIII lists the results of the spectrographic analy-

sis made on these samples. Sample SN4-18 is of a sample removed from

the rod during initial assembly of the feed system.

After removing the feed system from the dry box, all

parts were cleaned with stainless cleaner, washed in distilled water,

dried, and weighed. The changes in weight are tabulated in Table XVI.

As part of the analysis, photomicrographs were made

of the control fin before and after the run, and of a weld section

taken from the reservoir. There was no evidence of cesium attack in

either instance.

Not only did the feed system far surpass its design

life of 750 hours, but these analyses indicated an operating capability

at least several times the accumulated operational total of 2610 hours°
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Element

ANALYSIS OF

Control

Sample
SNI-21

TABLE XVIII

POROUS ROD AFTER THIRD TEST

SNI-22 SNI-23 SNI-24 SNI-25 SNI-18

Manganese 0.05%* 0.05%* 0.05%* 0.05%* 0.05%* 0.06%

Iron 0.34% 0.51% 0.39% 0.24% 0.16% 0.18%

Silicon 0.30% 0.07% 0.08% 0.09% 0.07% 0.10%

Copper 0.035% 0.06% 0.065% 0.065% 0.07% 0.02%

Cobalt 0.085% 0.14% 0.14% 0.17% 0.085% 0.32%

Titanium 0.018% 0.005%* 0.005%* 0.005%* 0.005% 0.01%

Magnesium 0.007% 0°003% 0.004% 0.004% 0.004% 0.004%*

Nickel rem rem rem rem rem rem

Aluminum 0.49% 0.02% 0.03% 0.03% 0.03% -

*Less than
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3.4.2 Engine Components

The engine was disassembled in a vacuum drybox and

its components carefully examined. The accelerating electrode, cathode

mounting plate, and cathode orifice plate were coated with back-sputtered

copper°

Cathode

The cathode heater was covered with a white flaky sub-

stance. This substance appeared to be hydroscopic and was water soluble

and was, therefore, presumed to be an oxide of cesium. The tantalum

sheath on the cathode heater wire showed visible deterioration.

Figure 77 shows the little cathode after cleaning.

Figure 78a is a cross-section view of the cathode

emitter used in the 2610-hour test. The outer ring of white material

is the tantalum sheath, while the inner white circle is the tantalum

heater wire. The outer diameter of the wire is 0.074 inch. Figure

78b is a cross-section view of an unused sample of the same type of

heater wire. The unused sample is from a different lot of wire, how-

ever, hence the discrepancy in the thickness of the outer sheath. The

sheath of the cathode heater after 2610 hours of engine operation

shows evidence of only slight intergranular attack. There is no

evidence of any considerable loss of material from the sheath due to

sputtering. Future engines will, however, incorporate an external

cathode heater and the emitting surface will be of solid tantalum wire.

Contamination

Most of the anode surfaces were covered with a sooty

substance. This was probably carbon left by decomposition of stray

organic contaminants.

The engine components were removed from the drybox

and small samples for spectrographic analysis were taken from the

cathode heater, orifice plate, anode, the downstream side of the screen,

and both sides of the accelerator. Results of these analyses are shown

in Table XIX.

4920-Final 131



FIG. 77 DF-1 CATHODE AFTER 2610 HOURS CUMULATIVE OPERATION 
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FIG. 78a CROSS SECTION OF DF-1 CATHODE EMITTER 
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TABLE XIX

SPECTROGRAPHIC ANALYSIS OF ENGINE COMPONENTS

Base Major

Component Material Contaminant

Accelerating Electrode Aluminum Copper

(downstream)

Accelerating Electrode Aluminum Copper

(upstream)

Screen Electrode Molybdenum Aluminum

(downstream)

Anode Copper Aluminum

(inside front)

Cathode Orifice Plate Molybdenum Copper

(downstream)

Cathode Heater Tantalum Copper

Other

Significant
Contaminants

Titanium

Titanium

Molybdenum

Copper

Titanium

Aluminum

Aluminum

4920-Final 134



The copper is back-sputtered from the vacuumsystem

liner and collector, and aluminumis sputtered from the accelerator

electrode. Titanium camefrom the ground shield. The molybdenum
found on the accelerator camefrom the screen or cathode.

Small samples of the back-sputtered copper were

removedfrom the downstreamside of the accelerator and from the ground
screen. The average thickness of the coating from each area was meas-

ured and samples of knownarea were carefully weighed to determine the

density per unit area of the back-sputtered copper. The average thick-
nesses were found to be 0.0052 inch and 0.0038 inch for the material

from the ground screen and accelerator, respectively. The densities

were 45.5 milligrams/square centimeter on the ground screen and 40.9

milligrams/square centimeter on the accelerator.

Accelerator Erosion

The accelerating electrode was then examined under a

binocular microscope and the deepest pits due to charge-exchange ero-

sion were plotted and measured. The maximum depth found was, as

expected, in the web area between the small innermost holes and the

next larger size. The deepest pit, i.e., the point where the charge-

exchange erosion was coincident during all three long runs, was 0.043

inch deep. A section of the accelerator containing this pit was cut

out, sectioned, and photomicrographed.
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Figures 79a and 79b are cross-sectional views of the

deepest pit found on the downstream side of the accelerator. They

are taken at magnifications of 75X and 16X respectively. The depth

of the pit, measured prior to sectioning of the electrode, was 0.043

±0.002 inch. Figure 79a was taken with a calibrated ocular; each

scale division on the photo corresponds to 0.00075 inch. The overall

depth of the pit measured in this manner is 0.026 inch. The discrep-

ancy between the measurement before sectioning and the measurement

given by the calibrated ocular is due to the removal of some of the

copper deposits on the downstream side of the accelerator between

measurements, and failure to section the pit cross section at its

maximum depth.

Small displacements of the electrode alignment be-

tween the three long-term runs caused the axis of the sputtered pit

to shift progressively to the right in the photographs. Evidence of

this is shown by the left profile of the pit cross section which

exhibits the pit minima from the first two long-term tests. The

light area on the upper half of the left side of the pit profile is

back-sputtered copper from the collector.

Figure 80 shows a cross-sectional view of one of the

accelerator apertures. The downstream portion of the aperture was

widened due to loss of material from the wall surfaces caused by

sputtering by poorly focused ions. Plating from back-sputtered

copper has narrowed the upstream end of the aperture. The two proc-

esses, sputtering of the downstream wall areas and plating of the

upstream areas, combine to yield a nozzle-like configuration for the

accelerator aperture. The ridges around the downstream opening are

also caused by plating due to back-sputtered copper. The aperture

pictured is from the intermediate (0.1130-inch diameter) aperture

pattern, but the behavior described above is qualitatively character-

istic of all apertures.
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FIG. 80 ACCELERATOR-ELECTRODE APERTURE CROSS SECTION 
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Weisht Losses

All critical parts were weighed dirty as they came

from the vacuum chamber, then, with the exception of the shell

assembly, rinsed thoroughly with hot water and reweighed. No sig-

nificant weight changes were found. Table XX shows these weights,

together with those recorded prior to the start of the first long

duration run.

Shell Assembly

Screen Electrode

Accelerating Electrode

Electrode Support Ring

Cathode Housing

Cathode Orifice Plate

Anode

TABLE XX

ENGINE WEIGHTS

After 2610 Hours

Prior to ist Run Dirty Clean

763.5010 gms 763.3331 --

72.6507 73.1186 73.0972

102.5819 104.4586 102.4337

37.2278 37.2264 37.2264

180.8132 181.5842 179.7513

28.5255 29.2780 28.4706

232.8220 234.1534 233.5408

3.5 Conclusions

3.5.1 Performance

The following conclusions may be drawn from the

performance mapping data:

I. For a given specific impulse, optimum overall engine effi-

ciency is consistent with long lifetime. Optimum overall

performance generally occurs with minimum accelerator

potential and drain current, which in turn result in min-

imum accelerator electrode sputtering, the only known

lifetime limiting factor.

4920-Final 139



2. Maximum overall efficiency is not necessarily obtained at

maximum thrust. This is true especially at the lower

specific impulses.

3. Thrust levels of I0 mlb or greater may be obtained at

optimum efficiency and long lifetime for specific impulses

above 6000 seconds.

4. Below 6000 seconds specific impulse, the thrust level must

be reduced to obtain optimum efficiency and long lifetime.

At 5000 seconds, for example, one can obtain a thrust of

nearly i0 mlb but both efficiency and lifetime will be

reduced. The efficiency and lifetime could be improved

for higher thrusts at low specific impulses by using an

electrode system more suitable for operation with lower source

and accelerator potentials; the DF electrode system was designed

for optimum operation at 7000 seconds specific impulse.

5. For higher specific impulses, overall engine efficiency is

obtained with higher mass efficiency and source energy

expenditures in ev/ion. The power efficiency is approxi-

mately given by the ratio of positive high voltage, V+, to

V+ plus the ev/ion expended in the source. As V+ is reduced

to reduce the specific impulse, the power efficiency becomes

the predominant factor in overall efficiency. At lower

specific impulses, it therefore becomes desirable to reduce

both the source ev/ion and mass efficiency to increase the

power efficiency and obtain the maximum overall engine

efficiency.

3.5.2 Engine Lifetime Limitations

Although a 2 percent degradation of engine performance

was experienced during 2610 hours of operation, there was nothing to

indicate an operational life of less than i0,000 hours. Further, the

slight performance degradation noted was undoubtedly influenced to a

significant extent by removal of the engine from the vacuum system

between tests.
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Analysis of the DF-I engine, at conclusion of 2610

hours of operation, disclosed electrode erosion to be the only pre-

dictable factor which could limit its operational life. Extrapolation

of data from the three long tests on pit depth as a function of time

indicates a breakthrough time of approximately 20,000 hours. Figures 81,

82, and 83 show extrapolations made on linear, semilog, and log-log graphs.

Subsequently, a test was conducted to determine

whether breakthrough of the pits to the upstream side of the accel-

erator electrode would cause a catastrophic failure. Sixty-six of

the deeper pit locations were drilled through a DF accelerating

electrode as shown in Fig. 84. The 66 large holes were chosen to

simulate a more severe pitting condition than would be anticipated

under normal_ long-term operation.

The engine was then operated for four hours. The

accelerator drain current was only slightly higher than normal and

no abnormal erosion could be detected. Table XXI lists the operat-

ing parameters obtained.

It was concluded that catastrophic failure will

not occur even when the accelerator pits have eroded through to the

upstream side. Consequently, failure of the electrode should not

occur until its structural integrity is destroyed. Extrapolation

of data to that point would be difficult, but estimates yield opera-

tional life expectancies of well over 20,000 hours.
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TABLE XXI

ENGINE PERFORMANCE WITH ACCELERATOR

EROSION PITS DRILLED THROUGH

v+ (kv)

V (kv)

I (amp)

IB (amp)

V A (volt)

IA (amp)

PB (k_)

PD (kw)

PM (kw)

PA (kw)

eT (k_)

T (mlb)

P/T (kw/ib)

"Ip (

qM (4)

I (sec)
sp

3.7

0.7

0.0074

0.440

7.2

24.5

1.628

0.033

0.012

0.176

1. 849

i0.I

183

88.0

92.5

81.4

6990
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4. APPLIEDRESEARCH

4.1 Plasma Distribution Studies

The plasma distribution studies were undertaken to improve

engine performance through investigation of the discharge character-

istics. The effort included ion and neutral efflux distribution

measurements and tests of engine design modifications.

4.1.1 Ion and Neutral Efflux Distributions

Faraday cup ion collectors and neutral cesium detec-

tors were mounted on an electromechanical probe drive and used to

determine spatial distributions of the ion and neutral cesium atom

effluxes from the engine.

Off-Axis Neutral Probe

This detector was located at an angle of 45 degrees

to the beam axis and could be moved in such a way as to scan across

a diameter of the engine° A schematic of the experimental setup is

shown in Fig. 85.

An electrical readout from the detector positioning

mechanism allowed the measured efflux to be plotted as a function of

detector position directly on an X-Y recorder. A shutter was provided

to allow determination of background signal levels from the neutral

detector.

Initial tests made with a DE engine gave uncertain

results due to higher collimation of neutrals by the smaller apertures

in the center of the electrodes than by the larger apertures near the

periphery. A set of uniform geometry electrodes from the DD engine

(EOS Report 3670-Final)lwas adapted to the DE engine to obtain more

straightforward results.
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Figure 86 presents data taken for operation with a

4 kv, 300 mAbeamwith 91 percent massutilization. With a beambeing

extracted, there was a distinct d'ip in the neutral efflux from the

center of the source. With the high voltage turned off but the arc

left on, the plasma extrudes through the electrodes and the distribu-

tion is as shownin the middle curve of the figure. The detector

signal is, of course, much larger in this case. With the feedrate

maintained but the arc extinguished the third distribution was
obtained.

Magnetic Field Effects

Figure 87 shows the effect of the magnetic field on

the neutral efflux distribution. The lower total efflux at higher

fields somewhat obscures the fact that the dip in the center is more

pronounced at higher magnetic fields. At zero magnetic field there

was no dip and the neutral efflux distribution appeared to be quite

similar to that for the case where the arc is extinguished. These

results are consistent with theoretical considerations of the effect

of the magnetic field on the plasma density distribution; for higher

fields, the plasma density is more peaked at the center and the

probability of a neutral atom being ionized is therefore higher.

The acceptance angle was then reduced on the neutral

detector to provide higher resolution in the neutral efflux distribu-

tion, an_ _ Faraday cup collector was mounted alongside the neutral

detector but extending into the center of the beam. A set of beam

density profiles for a constant beam current of 300 mA at different

values of magnet current appears in Fig. 88. The peaking effect of the

magnetic field is clearly shown. The large acceptance angle of this

Faraday probe and the distance (about 5 inches) from the engine made it

somewhat insensitive to changes in engine operation.

Figure 89 shows neutral efflux profiles obtained at

the same time as the beam profiles of Fig. 88. A neutral detector

mounted in the tank at a greater distance and with a larger acceptance
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angle gave the relative readings shown while these curves were taken.

At high magnetic fields the peak in neutral efflux from the periphery

of the engine becomes more pronounced. This peak may be due, in part,

to evaporation of cesium from the anode in addition to the reduced

probability of ionizing collisions relative to that at the axis of

the discharge.

Cathode Orifice Geometry Effects

Figure 90 shows neutral efflux distributions obtained

with three different cathode orifice configurations. These curves

were taken with the same values of magnet current, beam current, and

source potential. The arc power supply setting was held constant but

arc power varied due to changes in arc impedance caused by the orifice

changes.

Curve A (Fig. 90) was obtained with the standard

orifice. Curved B was obtained with an orifice plate which had eight

apertures equally spaced on a 1-3/4 inch diameter circle. The object

of this test was to inject the electrons and cesium into the arc

chamber in such a way as to increase the ion density near the periphery

of the electrodes. Beam density profiles obtained showed questionable

differences but the shape of Curve B indicates an increase in the

neutral density towards the edge of the chamber.

To obtain Curve C, the original orifice was spaced

away from the cathode to allow neutrals to enter the chamber radially.

The effective cross-sectional area of the resultant gap was approx-

imately equal to the area of the central orifice. Here again a slight

increase in neutral efflux distribution towards the periphery was

noted but no change in the beam density distribution was found.

Collimated Faraday Cup Probe

Ion efflux distributions were measured with the

standard Faraday probe for the permanent magnet modification

(paragraph 4.4) and electromagnetic versions of the DE engine. These
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are shown in Figs. 91a and 91b respectively. These figures are photo-

graphs of oscilloscope traces with the vertical deflection proportional

to the probe signal and the horizontal deflection proportional to the

probe position. The dip near the edge of the curves is caused, in

part, by the small, aperture-free area at the radius where aperture

sizes are changed. The primary cause of the dip appears to be the

change in focussing and collimation of the ion efflux across the

aperture size transition region. The dip in the center of the distri-

bution of Fig. 91b was due to masking of a radial row of screen elec-

trode apertures to allow thermocouple measurements of accelerator

electrode temperatures. With this exception, the two profiles are

quite similar.

Figure 91c is an ion efflux distribution measured

from the DE engine using a collimated Faraday probe. Collimation was

obtained by adding an additional aperture to the probe. This probe

measured only those ions which were exhausted along the axis of the

probe and has a very small angular acceptance (_ 2 degrees). The

integral of the observed distribution over the area of the engine is

therefore a fraction (about 20 percent) of the total ion beam. Infor-

mation obtained with this probe is strongly dependent upon focussing

as can be seen in the curves of Figs. 92, 93, and 94. These curves

were obtained in the same manner as those of Fig. 91c, using the

collimated probe. The two sides of the curves were averaged to

eliminate a slight skew which was present due to probe misalignment.

Effects of Positive and Negative

High Voltages

Figures 92 and 93 show the effect of variations in

source potential and accelerator electrode potential respectively.

The three curves of Fig. 92 show that higher source potentials improve

focussing. High source potential, however, tends to make the change

in ion optics more apparent across the transition between the two

hole size patterns used. Figure 93 indicates that lower accelerator
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electrode potentials improve the focussing. This is to be expected

since the decelerating region downstream from the accelerator elec-

trode slows the exhausted ions in the axial direction but does not

greatly affect transverse velocities. Thus, for a given trajectory

to the accelerator (constant current and accelerating gap potential)

higher decelerating potential drops will increase the angle between

the exhausted ion and the engine axis.

Magnetic Field Effect

Figure 94 shows ion efflux profiles obtained with

different values of magnet current. As shown before, the higher mag-

netic fields cause the distribution to peak at the center.

Liquid-Nitrogen-Cooled Neutral Cesium Detector

Since an uncertainty existed as to the angular varia-

tions in neutral efflux, a neutral detector was designed to work in

the beam.

This detector had a more effective sweep system than

other detectors (longer sweep length and improved venting) and used

LN 2 cooling to condense cesium out of the filament housing. A sche-

matic of this neutral detector is shown in Fig. 95. Ions entering

the front aperture see a transverse electric field which deflects

them up through the grid and out of the detector. Two apertures are

used after the sweep electrodes so that reevaporated cesium from the

sweep area will not be measured. Th_ _[[Lire u=_=_.... tor _o _I_q.,___+____

gen cooled to capture stray cesium atoms on the walls of the device,

thus preventing a cesium pressure buildup. Neutral cesium atoms

arriving at the hot tungsten filament are ionized by surface ioniza-

tion and repelled from the filament, which is biased positive with

respect to the detector walls. A portion of these ions are intercepted

by the collector and measured. The detector was mounted on the probe

drive used for the previous tests so that neutral efflux measurements

as a function of radial position could be obtained. The collimated
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Faraday probe was also mounted with the cooled neutral detector to

allow simultaneous scanning of both ion and neutral efflux distribu-

tions. The LN_cooled neutral cesium detector is shown mounted in the

vacuum facility in Fig° 96° The entire detector was housed in a shield

to prevent contamination by sputtered copper and excessive heating when

passed through the ion beam. The collimated Faraday probe can be seen

protruding from the shield directly above the front aperture of the

neutral detector°

Detector Operation

The initial operation of the neutral detector was in-

tended to verify the effectiveness of the sweep electrode and cooling

in reducing the beam interference and background level. Figure 97 shows

the detector output as a function of the potential applied to the sweep

electrode° With ion energies of 2°5 kev, a potential of only 50 volts

was required to deflect the ions out of the detector line of sight° At

5 kev ion energies, i00 volts was adequate. Normal operation, at 300

volts, should allow no ions to pass the sweep area at any reasonable

specific impulse for the DE engine°

The effect of cooling on the background was satis-

factory° When the detector was operated at 25°C, the background level

increased with each successive pass through the ion beam° Cooling to

-30°C or lower allowed repeated passes through the beam with no resi-

dual increase in the background level,which was only a few percent of

the signal level.

Neutral Efflux Distributions

The engine was mounted in the vacuum tank so that when

the detector support shaft was rotated the detector remained aimed at

the center of the accelerator electrode. The support shaft was rotated

to the desired view angle and then swept vertically through the beam.

The detector output was then plotted as a function of the vertical posi-

zion of the support shaft. A set of these distributions taken at dif-

ferent angles from the beam axis appear in Fig. 98°
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The distributions were obtained using a DE engine

with a set of uniform geometry electrodes. At a detector to beam

angle of 45 degrees, the distribution obtained compares well with

those obtained with the off-axis detector taken at the same angle.

The intensity of the neutral efflux along the engine axis was attrib-

uted to neutrals formed by charge exchange of the highly directed beam

ions.

As a check on the effect of charge exchange on the

neutral efflux distribution, the axially directed ion and neutral

effluxes were measured at two different values of positive high volt-

age. Since the beam current and feedrate were maintained constant,

the only change was in the accelerating and focusing fields. The dis-

tribution of the axial component of the neutral efflux changed in the

same manner as the ion efflux indicating that charge exchange of beam

ions was significant in determining the nature of the neutral efflux

distribution.

4.1o2 Electrode Redesign

Since the transition between the two regions of dif-

ferent aperture sizes was so noticeable in beam profile measurements

on the DE engine, a new electrode system was designed for use on the

permanent magnet engine. The principal change was the addition of a

third hole size region between the central and peripheral areas. The

screen electrode was made of iron in order to complete the permanent

magnet circuit° Copper was used for the accelerator electrode to allow

ease of fabrication. The variable gap was obtained by warping the

screen electrode during fabrication.

The PM engine electrodes were mounted on a DE engine

for design verification tests. The first observation made during oper-

ation of the PM electrodes was that the drain current _ as a function of

gap potential with constant beam current displayed a very distinct

minimum. At low gap potentials, of course, the plasma tends to extrude.
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At higher potentials the plasma sheath is forced away from the screen,

defocusing the beamsand causing high drains. At typical operating
voltages and beamcurrents the minimumdrains were between 0.5 and

1.0 percent of the beamcurrent. This corresponded to a reduction by

a factor of 2, in somecases, over the DE electrode drains. The perve-
ance of the PMelectrode system also obeyed a V3/2 dependencemuchmore

closely than did the perveance of the DE electrodes. This indicated

that a closer match to the plasma distribution was obtained through

the addition of the intermediate hole pattern. Finally, the magnetic

field required for optimumperformancevaried from 6 gauss to a beam
level of 250 mAto over 9 gauss at a beamlevel of 785mA. This vari-

ation was necessary to maintain the shape of the plasma density dis-

tribution. A change in magnetcurrent, however, was not required for
good performance.

4.1.3 Inverted Engine

Since the potential gradients within the discharge

chamber tend to increase the ion density at the center of the chamber,

and since attempts to inject the cesium into the chamber at about a

1-inch radius had not changed this distribution significantly, an engine

was designed with the anode on the axis and with autocathodes at the

periphery of the chamber. In addition, the engine was designed to

feed the cesium through the autocathodes, injecting it toward the rear

of the discharge chamber. The inversion of the anode and cathode was

expected to provide a potential distribution which would tend to in-

crease the ion density toward the periphery of the source as compared

with the DE engine.

The design is shown in Fig. 99. A heated feed tube

assembly was used to bring cesium to the cathodes mounted at the screen

end of the chamber. The engine shell was a DE shell with an extension

at the screen end to provide for mounting the cathodes. The cathodes

had heated tantalum emitters similar to those of the DE cathode but

smaller in size. This device was operated but no distribution data
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were obtained. Someobservations on the initial operation of this
engine are discussed below.

The arc impedancewas not consistent as with the DE

engine. Arc impedancesof from 0.i to 5 ohmswere observed. The auto-
cathodes overheated considerably, apparently causing the emitter sur-

faces to operate in the negative slope region of the emission-versus-

temperature curves. Although the arc started very smoothly, both

cathodes did not always start together. The discharge operated steadily
on either or both of the cathodes.

Cesium leaks around the cathode feed lines caused high-
voltage breakdownsbut beamcurrents of 300 mAwere obtained with 4-

percent drain currents and an arc power of 450 watts.

The inverted engine was rebuilt with larger cathodes
and retested with the following results:

i= The cathodes did not overheat.

2. Manymodesof arc operation were observed, most of which
were unstable.

3. The only stable modeof operation waswith zero magnetic
field and high arc voltages. In this modea beamcurrent

of 250 mAwas obtained at a source energy expenditure of

1800 ev per ion.
4. The arc was difficult to initiate.

5. Increased anodedissipation due to high arc voltages and

_,,= _,,,=_ =L_= of L,u" dxi_i anodecaused the anode temper-
ature to exceed 1000°Cwhich destroyed the engine.

4.1.4 Magnetic Field Modification

The increased performance of the PM engines appeared

to be due, in part, to the divergent magnetic field which exerted a

downstream force on electrons. This set up a potential gradient which

accelerated ions toward the screen electrode. Operation at high mass

utilization efficiency was then possible with a lower degree of ion-

ization in the discharge chamber. Efficient operation is then obtained
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with reduced arc power. This effect had been noted by Reader (Refo 5)

but attempts to improve DEengine performance in this mannerhad
failed°

Modified DE Field Tests

The objective of these tests was to obtain more effi-

cient operation with an electromagnet engine by duplicating the field

of the PM engine. The magnetic fields on the axis of PM-I and PM-2

are shown in Fig° i00. As a first step, the number of turns on the

rear coil of a DE engine was increased by fifty percent by adding a

rear coil over the original winding. This produced an axial field as

shown in Fig. i01, curve Bo This engine operated with an overall effi-

ciency about three percent higher than normal for DE engines.

To reduce the drop-off at the screen, a second coil

was added at the front of the engine. This coil was ten inches in

diameter and positioned in the plane of the screen electrode. The shape

of the field obtained is shown by curve C in Fig. i01. The overall

efficiency of the engine was not increased but a further reduction in

arc power was found. This reduction in arc power was offset by in-

creased drains.

A distributed coil was then wound on a DE shell in

such a manner as to approximate the field obtained with the additional

front and rear coils. The spacing between turns was varied to shape

the field. Close-spaced winding was used near each end and near the

center structural ring on the shell. The result was a reduction in the

drop-off at the ends and the dip in the center of the engine. The field

obtained is compared with that of the DE engine in Figs. I01 and 102.

The engine with the distributed coil was operated and

the performance obtained is shown by the circled data points in Fig. 103.

Performance was about four percent above the DE level. The electrodes

for the 750-hour test engine with the three aperture sizes were then

placed on this engine to obtain a better match to the plasma distribu-

tion. Subsequent operation was found to be 8 percent more efficient

than the DE engine as shown by the X data points in Fig. 103.
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Repeatability

A Second engine was wound in the same manner as the

first distributed coil engine. The second field was identical with

the first within I0.2 gauss per ampere which was within measurement

accuracies.

Further Tests

To allow further evaluation of the effects of magnetic

field gradients on the engine, a pair of Helmholtz coils with a diam-

eter of approximately 3-1/2 times that of the engine was constructed.

These coils were operated both as Helmholtz coils and with unequal

currents as required to produce magnetic field gradients within the

volume of a DE engine. The coils were wired so the divergence and

magnitude of the field could be varied independently. It was found

that very linear magnetic fields were obtained when the center of the

rear coil was i inch behind the cathode plate, and the center of the

screen coil was mounted i inch forward of the screen electrode. Any

..... _ ..... ' ................. z'_z max' _'_

be produced by these coils.

For these tests a DE engine with DF electrodes was

used. The total magnetic field was adjusted to give optimum engine

performance after the divergence was set. Difficulties with the neu-

tral detector readings prevented good mass efficiency measurements,

but operating points were established at a constant feedrate of about

_uu ._ eqU±V_CnL cur_cuL. _ne beam current was then measured as a

function of arc power for four field divergences.

Figure 104 shows the beam current plotted against the

ratio of the arc power to the beam current, PA/IB, for a uniform field,

and 9.7, 20, and 24 percent field divergences. This graph shows better

performance at higher field divergences. At lower mass utilization, as

would be used at low specific impulse, the 20-percent divergence appears

to give better results than the 24-percent divergence° No more quanti-

tative data were obtained°
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4.2 Conceptual Design of Larse Engine

The objective of this task was a conceptual design of a 30-

kilowatt cesium electron-bombardment ion engine. A more specific goal

was to achieve a thrust of 0oi pound at a specific impulse of 5000

seconds to produce a design consistent with the limits imposed by mis-

sion requirements and existing or practicable power source systems.

A 20 cm Kaufman engine (Ref. 6) was provided by the NASA Program

Manager, making possible a number of supporting tests, upon which the

conceptual design is, in part, based.

4o2ol Scaling Requirements

Analysis of a three-dimensionally-scaled DF engine

and its predicted performance leads to design restraints for engine

scaling and the delineation of areas in which development is required

to obtain good scaling.

Three-Dimensional Scaling

The DF engine could be scaled by increasing all

existing dimenslons by some scale _actoro The results of such scaling

of a DF engine by a factor of 4 are shown in Table XXII.

Since the electrode gap would be increased by a

factor of 4, it would sustain 4 times the positive high voltage°

This would result in an increase in specific impulse from 5000 to

i0,000 seconds. Since the number of apertures would remain constant

and the perveance per aperture (current per aperture divided by the

three-halves power of the source potential) would not be changed, the

beam current would be increased by the three-halves power of the

scaling factor from 300 mA for the DF engine to 2°4 amperes for the

scaled engine. This would result in an increase in thrust from 5 mlb

to 80 mlb. The power-to-thrust ratio, assuming no net change in

engine efficiency, would increase with specific impulse from 150 kw/ib

to 250 kw/ib and the total power would increase from 0.75 kw to 20 kw.

Maintenance of the high source efficiency of the DF engine would not

be guaranteed, however, because the ion beam current density would be
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TABLEXXII

SCALINGOF DF ENGINES

Scaling

Scale Factor

Positive High Voltage, V+ (kv)
Specific Impulse, I (sec)

sp
BeamCurrent, IB (amp)
Thrust, T (mlb)

Power-to-Thrust Ratio, P/T (kw/ib)
Power, P (kw)

BeamCurrent Density, JB (mA/cme
Thrustor Weight, W (ib)

Thrustor Specific Weight, W/P (Ib/kw)

2

5,000

0.3

5

150

0.75

2.5

3.5

4.7

3 Dimen-

sional

2 Dimen-

sional

x4 x4

8

i0,000

2.4

8O

250

20

1.25

224

11.2

2

5,000

4.8

8O

150

12

2.5

56

4.7

Design

x4

2

5,000

6.0

I00

150

15

3.1

50

3.3

reduced by a factor of 2. The DF engine operated at 5000 seconds is

already below its optimum current density of approximately 3.5 mA/cm 2

over the electrode area. Therefore, while a savings in engine weight

in terms of weight per kilowatt of beam power would be made, it would

be at the expense of source efficiency and high power-to-thrust ratios

caused by the high specific impulse.

Two-Dimensional Scaling

To maintain the specific impulse at 5000 seconds and

the ion beam current density at even the low level of 2.5 mA/cm e, the

electrode gap and aperture diameters would have to be held constant.

The third column in Table XXII shows the result of a two-dimensional

scaling of the DF engine. Since the number of apertures would now be

increased by the square of the scaling factor, a proportionate increase

in beam current would be obtained. This engine would produce 80 mlb

of thrust at a total power of 12 kw. The specific weight (pounds per

kilowatt) of the engine would be the same as that of the DF engine.
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Difficulties would be encountered in maintaining the

shape of the plasma density distribution if the length of the chamber

were held constant as the diameter increased. This suggests the use

of multiple feed points and/or multiple autocathodes in the scaled

engine, or an increase in the chamber length if the single autocathode

were used. This would increase the specific weight of the scaled

engine slightly.

A second problem created by a two-dimensionally-

scaled engine design is that of maintaining the electrode gap within

limits which afford stable operation° As suggested by Reader (Ref. 7)

an upper limit exists for the ratio of electrode diameter to electrode

gap for flat electrode systems. A number of solutions may be suggested

for this problem°

i. The electrodes could be bowed to take the shape of portions

of concentric spheres so that the thermomechanical distor-

tion would be reduced over that of a flat plate. This would

produce a slight beam divergence and would nrobah]v _nd vn

restrict the operating range of the engine.

2. The electrodes could be reinforced using a rib structure.

This, however, would reduce the electrode area available for

beam current extraction°

3. A third, and more promising solution, would be the addition

of electrode gap spacers distributed across the area of the

used, the gap could be kept small for even very-large-diameter

electrodes.

Optimum Scaling

To operate the cesium discharge at slightly higher

densities and efficiencies, a scaling as shown by the last column of

Table XXII would be used. The electrode gap could be reduced slightly

with respect to the gap of the DF engine and the aperture diameters de-

creased. This would yield a 5000-second specific impulse engine which

4920-Final 175



would produce i00 mlb of thrust at a total engine power of 15 kwo

Assumingthat the thicknesses of the electrodes and the cathode plate

were not changed, the engine would be scaled with no net increase in

the weight-to-thrust ratio. As the engine is scaled, it would be un-

necessary to increase the shell thickness above that used on the DF

engine. The DF shell thickness would provide adequate structural

strength for the scaled engine, and holding the thickness constant
would result in further specific weight reductions. As shownin

paragraph 4.4, the magnet weight for this engine should scale in direct

proportion to the engine electrode area.

4.2.2 Supporting Tests

A twenty-centimeter Kaufman mercury bombardment

engine provided by the NASA Lewis Research Center was modified for

use with cesium° The mercury diffusor plates and the cathode were

removed and the supporting holes sealed. The steel anode was replaced

with a copper anode to conduct the higher current anticipated with

cesium. A DE engine cathode and orifice plate were mounted to the

chamber on the axis. The magnetic field was measured. Figure 105 shows

a comparison of the fields of the twenty-centimeter engine and the DF

engine. The field configuration was considered to be adequate so no

modifications were made to the magnet windings°

The electrodes supplied with the engine were tested

first. The electrode support system was changed to resemble that used

on the DE engine and the electrode gap was set at 0.080 inch. This

small gap was chosen since a distortion in the electrodes existed which

would cause the electrode gap to increase as the electrodes distorted

during engine operation. The engine was tested using a 750-hour zero-g

feed system identical to that used with the DE and DF engines.

Results

Startup was smooth and operation was stable. The

feed system was adequate at the thrust level run and appeared to be

adequate for much higher levels.
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Performance at the specific impulses near 8000 seconds

was comparable to that of the DE source but fell below as specific im-

pulse was lowered; the large apertures and thick screen electrode sup-

plied with the 20-cm engine were more suited to higher electrode voltages.

Inspection of the accelerator electrode after the

run revealed that most of the charge exchange ions were striking near

the center of the electrode, indicating a very peaked plasma distribu-

tion. This, together with the electrode design, prevented large cur-

rent extraction. The maximum current obtainable at 3.5 kv (_6200

sec) was 700 mAo

Ion Efflux Distributions From 20-cm Engine

The engine was further tested and ion efflux distri-

butions were obtained. The beam profile was quite peaked as shown in

Fig. 106ao A 3-inch diameter baffle was then placed about 2-1/2 inches

in front of the cathode orifice and beam profile measurements were

repeated. Results are shown in Fig. 106b. The baffle clearly im-

proved the distribution but at the expense of considerably higher arc

power.

It was concluded that with the single axial cathode,

the neutral cesium flow distribution into the arc chamber was not fa-

vorable for this short chamber. Without the baffle, performance was a

few percent more efficient than that of the DE engine, presumably due to

the divergent magnetic field. With the baffle, performance was about

the same as that of the DE engine. Changes in the cesium flow distribu-

tion as well as improved electrode geometry appeared necessary to ap-

proach DF engine performance.

Electrode Design

For a scaled-up cesium electron-bombardment ion

engine the overall size of the electrode system will depend on the

design thrust level and specific impulse. The ion density as a func-

tion of the normalized radius r/a (a = anode radius) should not change

significantly. A satisfactory match between electrode perveance per

unit area and ion density may then be obtained by increasing the number
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of apertures while retaining the aperture diameters and spacings of

the DF electrodes. The same relative areas of the electrodes would be

occupied by each of the three basic aperture geometries.

To better evaluate electrode scaling, a set of dis-

tributed geometry electrodes was made for the 20-cm source. These

electrodes are shown in Fig. 107o The uniform geometry electrodes are

also shown for comparison°

Performance with this set of electrodes was comparable

to that obtained with the uniform geometry electrodes but, as expected,

higher beam levels were obtained. It was difficult to maintain high

performance levels for any appreciable length of time because thermal

expansion caused the electrodes to bow toward each other,resulting in

high-voltage breakdown. This difficulty, a consequence of the large

diameter of the electrodes, was expected. To solve the problem of

maintaining a close gap with large-area electrodes, an electrode

gap spacer was designed°

Electrode Gap Spacer

The electrode gap spacer consisted of a Supramica

insulator protected from cesium contamination by two nesting stainless

steel shields. A schematic of this insulator is shown in Fig. 108o

The spacer was installed in the center of a set of DF electrodes and

the electrode gap set at 0°050 inch. The electrodes were tested on a

standard DF engine° Engine performance was identical to that obtained

with an electrode system without the electrode gap spacer. The engine

was operated for 7 hours with no residual accelerator electrode drain

increase°

It was concluded that electron bombardment ion engine

electrodes may be increased in diameter without difficulty if they are

provided with such properly shielded interelectrode Spacers.

4°2.3 Conceptual Design

Fig. 109 shows the conceptual design. The chamber

length has been increased over that of the DF engine but a length-to-
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diameter ratio of I has been used rather than 1.4 for the DF engine.

Multiple autocathodes are used to provide a more uniform plasma density

distribution. Interelectrode gap spacers would be employed at seven

points as shown°

Stability of the multiple autocathodes would have to

be investigated. For this design, a parallel feed tube impedance has

been employed to help maintain flow stability between the three

cathodes. Results of operation of two cathodes in the inverted engine,

(Paragraph 4.1 of this report) suggest that the multiple cathodes could

indeed be made stable. Component weights for this design are shown in

Table XXIII. The total thrustor weight is approximately 50 pounds.

Table XXIV shows projected performance at both 5000 and 7000 seconds

for the large engine and at 5000 seconds for the DF engine.

The use of such a scaled-up engine would provide a

lower thrustor specific weight and simplify the propulsion system for

large-thrust missions. It must be pointed out, however, that this

thrustor design is conceptual in nature and can only be proved through

a research, development, and testing program.

TABLE XXIII

COMPONENT WEIGHTS FOR CONCEPTUAL

DESIGN I00 mlb ENGINE

Component

Engine Shell

Magnet

Anode

Cathode Plate

Screen Electrode

Accelerator

Cathodes (3)

Shields, Insulators, etc.

Total Engine Weight

Weight, ibs.

14.0

4.4

15.5

5.7

2.5

2.5

1.3

4.2

50. i

4920-Final 184



Specific Impulse I (seconds)
sp

Positive High Voltage, V+ (kv)

Beam Current IB (amp)

Thrust T (mlb)

Beam Power PB (kw)

Arc Power PA (kw)

Drain Power P (kw)
D

Magnet Power PM (kw)

Total Power PT _(kw)

Power-to-Thrust Ratio P/T (kw/ib)

TABLE XXIV

PROJECTED PERFORMANCE

DF

5000

2.0

0.3

5.0

0.600

O. 110

0.017

0.010

0.737

147.4

Large Engine

5000

2.0

6.0

100

12.00

2.30

0.26

0.16

14.72

147.2

7000

3.8

8.0

185

30.40

3.00

0.43

0.16

34.09

184.2
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4.3 Autocathode Studies

The autocathode of the DE engine required 90 watts for

about 20 minutes to preheat to operating temperature. Objectives of

this portion of the program were to reduce the starting power require-

ment, eliminate the need for the separate cathode preheat power supply,

simplify the cathode design, and to improve, if possible, the cathode

performance.

The cesium autocathode, shown in Fig. ii0, consists of a

cathode chamber enclosing a heated tantalum emitter through which the

cesium is passed to the discharge chamber. An orifice between the

cathode and discharge chambers increases the cesium pressure and plasma

densities in the cathode. The hot cesiated tantalum emitter is capable

of electron emission current densities of i to i0 amp/cm 2. Ion bom-

bardment delivers sufficient energy to the emitter to maintain the

required operating temperature. After initiation of the discharge,

the cathode heater is turned off and autocathode operation commences.

Bombarding ion energies (7 to 9 volt cathode drop) are below sputter-

ing thresholds so only negligible sputtering damage occurs.

4.3.1 Autocathode Starting Characteristics

To determine the minimum cathode temperature to initi-

ate a discharge, an external heater was added to a DE cathode housing.

With the heat source on the outside of the cathode, the internal tem-

perature could be approximated by the housing wall temperature.

Initial operation indicated that the arc could be started by maintain-

ing the housing at a temperature high enough to prevent cesium conden-

sation. It appears that under these conditions enough cesium is

delivered into the discharge chamber to initiate a glow discharge,

which develops into the full arc mode with autocathode operation.

Figure IIi shows a temperature time profile for a

cold cathode startup. The internal cathode heater was not used. A

power of 90 watts was applied through the external heater on the
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cathode housing until the arc was initiated. All cathode tests were

made with a laboratory reservoir which has higher temperature and

power requirements and longer response times than the "zero-gravity"

type feed system.

For the first 20 minutes, the valve and cathode

housings were brought to operating temperatures. No power was fed

to the reservoir but some increase in reservoir temperature was

observed due to heat conduction from the valve. At the end of the

first heating phase the reservoir power was turned on, and after

about 9 minutes traces of cesium flow from the engine were observed

with the neutral cesium detector in the vacuum tank. Three minutes

later the arc started and the reservoir power was regulated to main-

tain an arc current of 30 amperes. During the first two minutes of

arc operation, the external heater was left on. When the arc current

reached 20 amperes, the heater was turned off and the cathode housing

cooled to 300°C.

temperature was moved to obtain more accurate temperature readings

and the test was repeated. The minimum temperature for reliable

starting was found to be 340 to 350°C.

Using the internal heater, it was possible to start

consistently with a power of 25 watts for the normal orifice. During

these starts, the housing reached a temperature of 240°C. The cathode

emiLte_ ' '- lyuuv_uus at _-=--= _=_^_ _..... ^+,,_^_

Initiation of the discharge is enhanced by increasing

the orifice diameter. This, however, reduces source efficiency be-

cause higher flow rates must be used to maintain adequate cesium

coverage.

4.3.2 Operating Characteristics

The effects of orifice diameter, emitter structure,

and magnetic field were investigated and the emitter temperature was

measured in an operating engine.
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Orifice Diameter

To investigate the effect of the cathode orifice, a

series of orifice plates with varying aperture diameters was prepared.

Three of these orifices were operated in a DE engine with the follow-

ing results.

The first or control orifice had the standard 0.189-

inch diameter. The data on source efficiency obtained with this

orifice are shown by the circled points in Fig. 112. These data are

within i percent of those found previously with the DE engines.

The second orifice tested had a diameter of 0.128

inch. Source efficiency was about 2 to 3 percent below that of the

control as indicated by the triangles in Fig. 112. This restricted

cathode orifice made the arc more difficult to start. The cathode

temperature had to be slightly raised to initiate the discharge. The

arc impedance was increased slightly and the orifice plate operated

hot enough to cause an apparent recrystallization of the titanium

around the orifice.

The third orifice tested had a diameter of 0.284

inch. This also reduced source efficiency by 2 to 3 percent. Start-

ing characteristics were enhanced slightly (smoother turn-on) and the

orifice ran cooler than the control orifice as evidenced by an accumu-

lation of copper backsputtered from the vacuum system around the ori-

fice. This orifice also appeared to reduce the arc impedance as com-

pared with the control. Arc instabilities were found whenever arc

voltages above 9 volts were used during the engine heating phase of

the turn-on sequence.

Emitter Structure Tests

A new cathode was designed for the DE engine which

used only an external heater (Fig. 113). The cathode was supported

by the orifice plate to reduce conductive cooling to the engine body.

External surface area and thermal mass were reduced but the volume

and emitter area approximated those of the DE cathode. The emitter

was formed from tantalum and was replaceable.
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The arc was extremely difficult to start with this

cathode. Once in operation, however, engine performance appeared

normal. The emitter was mounted between the cathode housing and the

orifice plate. During preheating, the orifice plate acted as a heat

sink, causing the emitter to operate at a lower temperature than the

housing. To increase emitter temperature during preheating, a corru-

gated tantalum cylinder was inserted between the emitter and the

housing. Subsequent starts with 52 watts of heater power and a hous-

ing temperature of 410°C were successful. The housing ran hotter

during autocathode operation, however, and the source efficiency was

reduced.

A series of emitter structures, supported only by

the housing walls, was then fabricated. These emitters were helixes

of tantalum strip fastened to the housing at both ends. The cross

section and number of turns were varied to obtain different thermal

and electrical impedances from the emitter to the housing. Four of

these emitters were tested in a DE engine. The main difference in

operating parameters which could be observed was in overall source

efficiency as shown by the data in Table XXV. As indicated, the

second and third emitters were superior. These two cathodes also

started more smoothly.

The externally heated autocathode with the four-turn,

0.010-inch thick emitter was tested further. Operating data appear in

Table XXVI. The arc started smoothly with 50 watts of preheat power

and operation at the levels shown was very stable. The operation at

high beam levels was similar to that with the DE cathode but mass

efficiency at lower levels was reduced.

A tantalum wire emitter was then tested. This cathode

operated with higher mass efficiency at low (200 to 400 mA) beam levels

than was obtained with previous emitters. Starting characteristics

were not noticeably changed.
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TABLEXXV

SOURCEEFFICIENCYWITH
EXTERNALHEATERCATHODES

Emitter Number i 2 3 4

Thickness (inches) 0.010 0.010 0.010 0.005

Width (inches) 0.5 0.25 0.125 0.125

Number of turns i 2 4 4

Flow rate (amp) 0.452 0.425 0.435 0.430

Mass Efficiency 81.5 89 87.4 84.5

Source Energy per Beam Ion (kev/ion) 0.658 0.675 0.624 0.989

Effect of Magnetic Field

To determine the extent that cathode operation was

affected by magnetic field changes, a coil was placed around the cathode

of a DE engine. The engine was then tested with various coil currents.

No significant changes in cathode operation or arc characteristics were

observed. The source efficiency was typical of the DE engine

configuration.

Emitter Temperature

A DE cathode was modified to allow measurement of the

emitter temperature. The original emitter was replaced with a tubular

tantalum coil. Thermocouples were placed inside the emitter near the

center and at one end. A heater was attached to the outside of the

cathode housing for starting purposes. This cathode was then operated

with a DE engine with the following results.

The temperature near the center was about 10°C below

that of the support end during preheat. As expected, a slight lag in

response to external power was also noted at the center.

While operating a 15-volt, 30-ampere arc, the temper-

ature was approximately 980°K at the center and 920°K near the end.

(The end cools by conduction to the housing.)
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ENGINE

V+ (kv)

V (kv)

I (amp)

IB (amp)

VA (volt)

IA (amp)

PR (kw)

PD (kw)

PM(kw)

PA (kw)

PT (kw)

r (mlb)

P/T (kw/ib)

nM (Z)

_E (Z)

I (see)
sp

I /I B (%)

PA/IB (key/ion)

TABLE XXVI

PERFORMANCE WITH EXTERNAL HEATER AUTOCATHODE

(Four-Turn O o010-inch Thick Emitter)

i 2 3

3.5 3.5 5.0

i .0 i .0 0.8

0.005 0.007 0.009

0.385 0.467 0.635

7.8 9.0 7.6

39.0 56.0 55.0

1.349 1.633 3.175

0.020 0.032 0.055

0.007 0.008 0.010

0.304 0.504 0.418

1.680 2.177 3.658

8.56 I0.4 16.9

196.0 209.0 216.0

80.3 75.1 86.8

72.4 85.0 90.0

58.8 63.8 80.0

5250.0 6160.0 7900.0

1.2 I .5 i .5

0.790 1.080 0.658

4

6.0

0.9

0.016

0.750

7.4

59.0

4.500

O. 114

0.011

0.437

5.062

21.9

231.0

88.9

90.0

80.9

8530.0

2.2

O. 583
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During operation at beamlevels of 350-400 mA, the

temperature of the emitter dropped to 890°K at the center. Estimates
of the cesium arrival rate at the emitter surface are from 1020 to

1021 2atoms/cm/sec for which emission currents of i to 5 amp/cm 2 can

be obtained. This was in agreement with the arc current of 38 amperes

which corresponds to 1.5 amp/cm 2. This demonstrated that the DE cath-

ode operated in the positive slope region of the emission versus tem-

perature curves for cesiated tantalum, as it was designed to do.

4.3.3 Improved Cathode

Based on the above test results, a new cathode was

designed, built, and tested. This cathode, shown in cross section in

Fig. 114, incorporates the following features:

i. Increased volume for a larger emitter.

2. External heater distributed to offset loss of heat to the

cathode plate during warmup.

3. High-impedance heater for operation from the arc power

supply.

4. Hemispherical emitter structure of solid tantalum construction.

The emitter shape and size were determined empirically

since only rough criteria for design of the internal cathode structure

were determined. Figure 115 shows the new cathode.

Startin_ Power Requirements

The heater impedance of 13.4 ohms allowed operation

of the heater directly from the arc power supply. About 28 volts were

used for starting the arc. At this voltage, 60 watts were dissipated

in the heater. This brought the cathode starting temperature to about
o

350 C. After the arc was established and the arc voltage reduced to

the normal 7 to 8 volts, the heater dissipation dropped to less than

5 watts. The heater was disconnected with no change in engine per-

formance.

The cathode was operated in a DE engine and mass

efficiency of 92.6 percent obtained at an energy expenditure of
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FIG. 115 EXTERNAL HEATER AUTOCATHODE 
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773 ev/ion in the arc. This was equivalent to the performance ob-

tained with DE cathodes. The cathode was then tested on the PM-I

engine. Operation was successful and the PM-I engine performance was

not altered.

Conclusions

A simple autocathode was developed which used an

external heater for increased reliability. The heater could be oper-

ated directly from the arc power supply, thereby eliminating the need

for the cathode heater supply. Operation of the cathode was equally

as efficient as the DE cathode. This cathode was not used on the long

life testing portion of the contract because it was developed too late

in the program.

4.4 Permanent Magnet Ensines

The permanent magnet studies were undertaken to determine

the feasibility of replacing the electromagnet of the DE engine with

a permanent magnet circuit. Analysis of the field requirements showed

that while the power and weight requirements of the electromagnet for

the cesium electron bombardment ion engine were not severe, a savings

in weight could be effected over the weight of the DE engine, in

adddition to the savings of magnet power losses° A permanent magnet

modification of a DE engine was designed, fabricated, and tested.

The satisfactory results obtained led to the decision to design a

complete new engine using a permanent magnet shell. This engine per-

formed with unexpectedly high efficiency. The cause of the increased

efficiency was determined to be a divergent magnetic field toward the

screen electrode in addition to the use of a new electrode geometry.

The results of these studies, together with the improved

electrode system described in paragraph 4.1, led to development of the

DF engine.
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4.4.1 Magnetic Field Requirements

The magnetic field requirements were developed in

terms of the effect of the field on engine performance, weight and

power requirements for an electromagnet, and weight requirements for

a permanent magnet system.

Magnetic Field Functions and Confisuration

Optimization of engine operatien has always occurred

when the magnetic field was two to three times that required to pre-

vent primary electrons from reaching the anode of the engine. In the

6.5, I0, and 12.5 cm sources the product of anode radius and optimum

magnetic field strength has remained constant at about 55 gauss-cm.

This is in agreement with developed theory which maintains that the

field must be strong enough to allow primary electrons to thermalize

with the Maxwellian distribution before reaching the anode and to

restrain the electrons in the high-energy tail of the distribution.

Thermalization occurs rapidly in the cesium discharge in comparison

with the time required before an ionizing collision. This may be com-

pared to sources operated on mercury which require fields about five

times as great when the primary electron energies are five times those

of a cesium engine of the same size. The fields required to constrain

these electrons should only be _ times those of the cesium engines. The

difference between the operation of the two sources is that the mercury

atoms are ionized by primary electrons and the cesium atoms are ionized

by the electrons in the high-energy tail of the Maxwellian distribution.

Experiments conducted under contract NAS3-2516 sug-

gested that the field of the cesium bombardment engine was not critical

in configuration, i.e., that divergence or convergence toward the screen

electrode did not improve performance. A uniform or solenoidal field

configuration was considered the goal of this portion of the program.

Power and Weight Requirements

Analysis of the power and weight requirements of

electromagnets for the cesium bombardment engine was based on the
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assumption of equivalence of the magnet to a single-turn coil of anode

diameter and of negligible length.

For a single-turn coil, the field at the center is

given by

B = I/r
O

where I is the loop current and r is the loop radius.

given by

PM = 12R

The power is

where R is the loop resistance which is given by

R = 2_r/y A

where A is the cross-sectional area of the loop and y is the conduc-

tivity of the loop material. The power dissipated may then be expressed

as

PM = r2B2o 2_r/v A

The weight of the loop may be expressed as

W = 2_rAp

where p is the density of the loop material.

power and weight eliminates A. Thus,

2 r4B 2
PWM = 4_ o p/¥

Taking the product of

Since it has been found that the field required is

proportional to the reciprocal of anode radius it may be stated that
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for a given type of engine, the power-weight product is proportional

to the source area and the square of the field strength. Inasmuch as

the thrust level should follow engine area, the penalty paid for the

magnetic field should be independent of thrustor size, in terms of

power-to-thrust and weight-to-thrust ratios, and dependent only on the

type of propellant used. In practice, a slight savings has been found

with larger sources since the coil radius is not anode radius but rather

anode radius plus someconstant.

Permanent Magnet System Configurations

Several possible configurations for a permanent magnet

system which would provide the required field are shown in Fig. 116.

The first system shown has the advantage of simplicity. For most

feasible ion engines, however, this system does not take advantage of

the maximum energy product of available materials in that the field

is determined by the maximum flux density alone and the full coercive

force of the magnetic material is not utilized. It is also not a

minimum weight system. The second configuration utilizes the maximum

energy product available in the magnetic material. This is offset by

the additional weight required for the magnet extensions which must

have about as high a cross section as the magnets, and by the additional

leakage which is incurred by shortening the magnets.

The third scheme, shown in Fig. i16c, has an advantage

over discrete magnet systems in that the area of the screen electrode

and cathode plate need not be larger than the discharge chamber to

prevent severe leakage and consequent field distortion°

Permanent Magnet Weight

Assuming a configuration is shown in Fig. I16c_ the

quantity of magnetic material required would be:

vM = _Am = ZBAgK/B R

4920-Final 202



MAGNETS SCREEN ELECTRODE

CHAMBER
SHELL

ANODE

CATHODE PLATE

o. BAR MAGNET

(operate near Br)

MAGNETIC CHAMBER SHELL

bo BAR MAGNET WITH
EXTENSION

(operate at BHma =)

c. MAGNETIC SHELL

(operate near Br )

FIG. 116 PERMANENT MAGNET ENGINE CONFIGURATIONS

4920-Final 203



where vM is the volume of the magnetic material, _ is the length of the

magnetic cylinder, B is the field strength in the engine in gauss, Ag

is the area of the engine, K is a form factor (approximately 4 for the

cesium engine), and BR is the maximum residual flux density of the

permanent magnet material. For a material such as Vicalloy (0.3 ib/in 3,

BR _ 12,000 gauss) the weight of the permanent magnet material required

is about 0.15 Ib for a DE type engine. This is considerably less than

the existing weight of the DE engine shell and electromagnet (1.65 Ib).

An analysis similar to that performed on the electro-

magnet again showed the weight of the required magnetic material to be

proportional to the thrust level and square of the basic field strength

requirement.

Two subtle areas of difficulty are present in the

design of a permanent magnet ion engine.* First, the junction between

the permanent magnets and the end plates of the engine must be made

in such a way as to prevent a high reluctance. This may be done by

"immersing" the ends of the permanent magnet material in the end plates.

Secondly, the web area between apertures on the screen electrode must

be sufficiently large to prevent magnetic saturation.

4.4.2 Permanent Magnet Modification of a DE Engine

Modification of a DE engine, to make use of a permanent

magnet, first required the mapping of the magnetic field of a DE engine.

The plot of axial field strength in gauss/ampere at three radial dis-

tances including the axis is shown in Fig. l17a. The radial field was

also measured and the data reduced to yield the magnetic field plot of

Fig. l17b. As expected, the field was solenoidal and was used as a

design reference for the permanent magnet field.

A permanent magnet version of the basic DE engine was

then designed and built. No effort was made to minimize either size or

weight of the modified engine. Only the electromagnets, screen electrode

and cathode plate were modified for the first test. Pure iron was used

as the permeable material for the screen and cathode plate.

*Po Do Reader, Personal Communication, 24 March 1964.
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The modification was designed for operation with a

number of rod-shaped Alnico V permanent magnets. This was done to

allow adjustment of the total cross section of the permanent magnet

material by adding or removing magnets to obtain the desired field

strength; the demagnetizing force exerted on the magnets in this con-

figuration was only i0 oersteds at the desired field strength in the

engine, which was not enough to reduce the flux in the Alnico magnets

appreciably below BR. A square cathode plate design was used for

mounting convenience and a round screen electrode was designed. Thick-

ness of the cathode plate was maintained far above the required minimum

and pole pieces were provided to insure good magnetic coupling between

the magnets and end plates.

Engine Tests

The field within the modified engine was measured and

the number and size of the magnets adjusted to obtain a field similar

to that of the DE engine. Data on the axial component of the permanent

magnet field are shown in Fig. 118. A clearer understanding of the

differences may be obtained from Figs. l17b and l18b. The convergence

toward the screen electrode indicated in Figs. l18a and l18b was due

to the 15°percent-larger area of the square cathode plate.

The permanent magnet modified DE engine is shown in

Fig. 119. The engine, as modified, weighed two pounds more than the

electromagnet version. Two thirds of this extra weight was in the

cathode plate which was twice as thick as the screen electrode.

This modified engine was operated with the following

results:

I. Autocathode operation was satisfactory.

2. Some long period (several seconds) instabilities occurred

at beam levels between 300 and 400 milliamperes. Beam

fluctuations of 50 milliamperes were observed.

3. The modified screen electrode (Armco magnet iron) bowed

toward the accelerating electrode enough to reduce the

maximum voltage across the gap to 3.5 kilovolts during early

operation.
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4. Higher voltages could be sustained after preliminary

operation.

5. Data taken at a 500-milliampere beam level are shown in

Table XXVll with similar data taken with the normal DE

engine. The performance was comparable to that of the DE

engine with the electromagnet configuration.

At low power levels the iron screen electrode bowed

toward the accelerating electrode, reducing the gap and voltage capability

of the accelerator system. At intermediate power levels of engine oper-

ation, the copper accelerating electrode bowed out also but then cooled

and repositioned. The long period instabilities noted are believed to

have been due to thermomechanical bowing and relaxation of the elec-

trode. At higher engine power levels, the electrode bowing was appar-

ently stabilized with the gap near normal.

4.4.3 Permanent Magnet Engine

With the feasibility of using permanent magnets on an

electron-bombardment cesium ion engine established, a new engine was

designed to test the practicability of the magnetic circuit of Fig. I16c,

and to take advantage of its inherent advantages. Since a low (about

9 gauss) field was required for this engine a workable magnetic material

was desired; a coercive force of about i0 oersteds was the minimum re-

quirement for the magnetic material. Availability dictated the use of

0.016-inch thick Vicalloy for the engine shell rather than the design

minimum of about 0.007 inch. The new electrode (three aperture sizes)

design developed under the Plasma Distribution Studies was used= Pure

iron rims were designed for each end of the Vicalloy shell to act as

cathode plate and screen electrode support locations and as pole pieces.

The cathode and anode were similar tO those of the

DE design. The accelerator support insulators were mounted further

from the electrode gap and attached to the front rim of the shell by

flexures which allowed free radial displacement. Fig. 120 shows the

PM engine design. The cylinder of the PM engine was rolled from
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TABLEXXVII

COMPARISONOF DEENGINEPERFORMANCEWITH
ELECTROMAGNETSANDPERMANENTMAGNETS

v+ (kv)

V (kv)

I (amp)

IB (amp)

vA (volt)

IA (amp)

PB (kw)

PD (kw)

eM (kw)

PA (kw)

PT (kw)

T (mlb)

P/T (kw/ib)

_p (_o)

I (sec)
sp

I_/I B (%)

PA/IB (kev/ion)

Electromagnets

3.5 3.6

1.0 0.8

0.010 0.0065

0.565 0.425

7.4 7.25

47.0 38.0

i .980 i .530

0.045 0.029

0.006 0.008

0.348 0.276

2.379 i .843

12.6 9.6

189.0 192.0

83.0 83.0

90.0 91.0

75.0 75.5

6550.0 6700.0

I .7 i .5

0.614 0.649

Permanent

3.5

1.0

0

0

7

46

1

0

0

0

2

Ii

191

82

92.0

5 _6

6670.0

1.3

Magnets

.0065

.500

.6

.0

.750

.029

.0

.350

.129

.I

.0

.2

0.700
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0.016-inch thick Vicalloy sheet and electron-beam welded to the two

iron rims. The cylinder was then heat treated to develop its magnetic

properties.

Initial Tests

The permanent magnet engine is shown in Fig. 121. A

copper accelerating electrode was used for the first tests. The

cylinder was fully magnetized and then demagnetized to a field of

approximately 8 gauss. The engine operated at a mass efficiency of

only 84 percent compared with about 91 percent for the DE engine.

Higher mass efficiencies could be obtained but only at the expense of

arc power. The arc current for a given flowrate and arc voltage was

about 25 percent higher than experienced with the DE engine. These

factors indicated that the magnetic field was too low.

The electrode gap was then reduced and the operation

of the engine was reevaluated. Overall efficiency of the permanent

magnet engine was about ten percent below that obtained with the DE

engine.

The magetic field within the engine was then mapped

with the results shown in Fig. 122. This figure shows the axial com-

ponent of the magnetic field along three parallel lines including the

axis. As can be seen, the field was far from uniform throughout the

chamber. The desired field of 8 gauss existed only at the center of

the engine where it was measured during the charging and stabilization

process. Passing the shell through a weak alternating field region to

stabilize the shell had apparently affected the intensity of the mag-

netization more at the ends of the shell. Near the screen electrode,

the field was down to 3 gauss and varied by 50 percent for two points

180 ° apart at a 1.6-inch radius. Further magnetization tests were

then undertaken.

An electromagnet was placed inside the engine with

pole pieces which fit the supportrings on both ends of the shell.

Attempts to magnetize the shell with this magnet resulted in a number
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FIG. 121  PERMANENT MAGNET ENGINE 
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of varied magnetic field configurations. While the fields obtained were

far from desirable they showed the possibility of obtaining any desired

field by proper adjustment of the charging field.

Since the magnetization process was found to require

close control, a magnetizing coil was fabricated which provided a uni-

form field over a volume large enough to accommodate the engine shell.

Tests with an unmagnetized shell then revealed that the

iron rims at both ends of the shell converge the charging field causing

significantly higher magnetization at the ends of the shell than in the

middle. It was found necessary to magnetize to the point where the cen-

ter of the shell was properly magnetized and then reverse the field to

demagnetize the ends slightly. A forward field of 135 oersteds followed

by a reversed field of 75 oersteds left the shell uniformly magnetized.

A field within the engine of about i0 gauss was obtained with a diver-

gence toward the screen electrode of about 15 percent.

4.4.4 Performance

After successful magnetization of the shell, the PM-I

engine was assembled and operated. Instabilities in the arc were noted

at arc voltages between 7 and 8 volts. Operation was much steadier at

6.5 volts than above the instability range but the beam current was not

reduced. Although the arc impedance was not unlike that of the DE

engine, the mass efficiency of the PM engine was much higher.

After a few hours of operation to verify the mass

utilization efficiency determinations, the engine was operated over a

range of specific impulses from 3000 to 9000 seconds. A total operating

time of 15 hours was recorded during three consecutive days. Perform-

ance data for the engine are presented in Table XXVIII. The most sig-

nificant difference between the operation of the PM-I engine and the

DE engine was the reduction in the arc power required for a given mass

utilization efficiency as shown in Fig. 123. The elimination of the

magnet power and a reduction of the drain power due to the improved

extraction optics also improved the overall performance. The operating

parameters listed in Table XXVIII are representative of over 50 operating
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points where the engine was run for at least ten minutes prior to

recording data. Points 6 and 7 were taken an hour apart during steady

operation.

This portion of the program had been successfully

concluded with the performance mapping of the PM engine. It was decided,

however, to extend the studies and a second permanent magnet engine shell

was assembled.

The second permanent magnet engine shell was assembled

with the DE cathode, iron screen, and the copper accelerating electrode

used on the first PM engine. The magnetic field was measured along the

axis and was highly convergent toward the screen. The mass efficiency

at comparable source energies per ion was found to be substantially

lower than in PM-I. To obtain a mass efficiency of 92.7 percent re-

quired 785 ev/ion. The magnetization of the shell was then changed to

resemble the field of the first engine but with slightly more divergence

toward the screen electrode.

The operation of the second engine was then mapped

over a range of specific impulses from 2260 to 8840 seconds with the

results shown in Table XXIX. The overall engine efficiency and power-

to-thrust ratios for the two PM engines and the DE engine are shown as

a function of specific impulse in Figs. 124 and 125. As the data show,

the PM-2 engine was more efficient than PM-I.

A comparison of weights between the DE engine and PM

engine is made in Table XXX. The greatest savings in weight was in the

engine shell. Additional weight reductions were made in the anode and

the screen (iron rather than molybdenum) as well as the cathode plate

which did not have the mounting "ears" of the DE engine. Weight could

be further reduced by using thinner material for the Vicalloy cylinder.

Conclusions

A lighter, simpler, and more efficient engine was de-

veloped under this portion of the program. Disadvantages apparent in the

PM engine are:
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TABLE XXX

DE AND PERMANENT _MGNET ENGINE WEIGHTS

Component

Shell Assembly

Anode

Cathode Assembly

Cathode Plate

Screen Electrode

Accelerator Electrode (Cu)

Assembled Engine (includes

anode and electrode supports)

Weight (grams)

DE Engine

745

360

98

136

118

141

1956

PM Engine

364

245

98

57

38

160

1112
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I. Its performance reproducibility (PM-I and PM-2 engine per-

formances were not identical).

2. The reliability of this engine has not been proven.

3. The magnetic materials used may be subject to effects of an

adverse radiation environment.

This program did lead to a very significant improvement in engine per-

formance.

4.5 Advanced Neutralizers

The DF engine systems were operated without a neutralizer

since an efficient, long-lived neutralizer was unavailable. Near the

end of the program a very promising device was developed and ion beam

neutralization tests were initiated.

A "Plasma Bridge" neutralizer similar to those developed at

Electro-Optical Systems, Inco under Air Force Contract AF 33(615)-1530

and described in Ref. 8 was operated with a PM engine. This neutralizer

utilizes a cesium plasma to couple the neutralizer to the beam. This

coupling significantly reduces the neutralizer-to-beam perveance. The

neutralizer tested is shown schematically in Fig. 126. It is an exter-

nally heated cesiated cathode similar to the cesium bombardment engine

cathode.

Cesium is supplied, by a small laboratory feed system, to a

discharge chamber. The chamber is heated to about 600°C by a sheathed

external heater. A small orifice in the chamber (typically 0.006 inch)

faces toward the ion engine beam. A discharge is established between

the cathode and the ion beam, which floats to a positive potential.

From this discharge the ion beam acquires all the electrons it needs

for neutralization. The hot cesiated tantalum surface, with appropriate

geometry, can put out i00 times as many electrons as neutral cesium

atoms and makes an efficient emitter. In addition, the discharge sup-

plies slow ions which overcome space charge problems.

The PM-I engine was operated for 5 hours at a thrust of I0

millipounds, a specific impulse of 6770 seconds, and a power-to-thrust
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ratio including neutralizer of 187.4 kilowatts per pound. The test

was performed using the electrical system of Fig. 127. The penalties

paid for neutralization with this device are both power and weight loss

penalties. The power losses include cathode power, cesium feed tube

power, reservoir power, and a power corresponding to the product of

beam current times beam potential with respect to ground. During these

tests the cesiated tantalum cathode used 5.7 watts, the feed tube 8.8

watts, and the reservoir power was 15 watts. The beam potential, as

measured by floating the vacuum system liner and collector, was 9 volts.

The beam current was 438 milliamperes 3 so the power lost due to nonzero

beam potential was 4 watts. The total power was 33.5 watts or approx-

imately 2 percent of the total system power.

The cesium flowrate as determined by weight loss of the

neutralizer reservoir was equivalent to 16 milliamperes or 3.4 percent

of the engine flowrate of 476 milliamperes. The effect of the cesium

expenditure is to lower the total system specific impulse, requiring

a higher positive high voltage to maintain the power-to-thrust ratio of

the engine. In this case the increase in power-to-thrust ratio due to

a theoretical increase in positive high voltage to allow the system to

operate at 6950 seconds would have been 3.7 kw per pound. Thus con-

verting the penalty entirely to terms of power-to-thrust losses, the

net loss was 7 kw per pound.

At the end of the 5-hour run the reservoir power was reduced

and satisfactory operation was maintained down to a flowrate estimated

to be 20 to 25 percent of the test flowrate. Further tests were con-

ducted to optimize overall performance of this particular device.

The neutralizer was retested with the PM-I engine. The

operating point shown in Table XXXI was held for 7 hours. Power to

the neutralizer reservoir was adjusted to maintain the neutralizer-to-

beam potential (vacuum system collector potential) at about 9 volts.

Lower potentials could be obtained but only at the expense of increased

neutralizer cesium flowrates. The flowrate of the neutralizer was de-

termined_ by weight loss to be 0.84 percent of the engine flowrate.
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TABLE XXXI

PM-I ENGINE PERFORMANCE WITH NEUTRALIZER

Run

Positive High Voltage, V+ (kv)

Negative High Voltage, V_ (kv)

Negative HV Current, I. (amp)

Beam Current, IB (amp)

Arc Voltage, VA (volt)

Arc Current, IA (amp)

Beam Power, PB (kw)

Drain Power, PD (kw)

Arc Power, PA (kw)

Total Engine Power, PT (kw)

Thrust, T (mlb)

Engine Power-Thrust Ratio, P/T (kw/ib)

Engine Specific Impulse, I (sec)
sp

Neutralizer Heater Power (watts)

Perveance Power, VB x IB (watts)

Specific Impulse Loss (equivalent watts)

Total Equivalent Neutralizer Power, (watts)

AP/T for Neutralization (kw/Ib)

i

3.8

0.8

0.005

0.435

6.6

26.0

1.653

0.023

0.172

I. 848

i0.i

183.0

7000.0

28.4

3.9

12.0

44.3

4.4
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The penalty for neutralization during this run was 4.4 kw/ib

including reservoir, feed tube, and cathode heater powers, perveance

loss (VB x IB) , and the equivalent loss for the reduction in specific

impulse. This was only two-thirds the penalty previously obtained.

It was concluded that the discharge neutralizer could solve the problems
previously encountered _n engine neutralization and that this device

promised not only high efficiency, but long lifetime.

Oneremaining problem was to verify that the low level of

accelerator potential did, indeed, prevent backstreaming of electrons

from the neutralized beamto the engine. The only metering system

which can guarantee accurate measurementof the beamcurrent would be

an ion collector system with appropriate electron traps.

Operation was usually verified by making a step-wise reduction

in the accelerator potential and observing the resultant effect on the
beamcurrent. Any increase in beamcurrent was taken to be due to back-

streaming electrons. If such a result was obtained, the negative elec-
tron-trap potential of the accelerator was increased until the above

test was successful. A plot of measuredbeamcurrent as a function of

accelerator potential is shownin Fig. 128. As the data show, an

accelerator potential of only 200 volts was required to prevent back-

streaming of electrons. In the run for which these data were taken,
the accelerator potential wasmaintained at 300 to 400 volts. This

potential was found to yield minimumaccelerator electrode drain cur-

rent. The cause of the beamcurrent increase with accelerator poten-

tials greater than 300 volts was the increase in plasma sheath area as
the sheath was forced away from the screen electrode. This character-
istic is typical of high perveance electrodes.
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APPENDIXA

QUALITYASSURANCE

The quality assurance system employed to service the needs of

NASA-LewisContract NAS3-5250evolved during the early phases of

NASA-LewisContract NAS3-2516. Close cooperation between technical

and product assurance personnel resulted in a flexible, efficient

system for providing program support.

The basic system may be described as a shop traveller scheme.

Quality information pertaining to fabricated articles and assemblies

is entered on the traveller while work is in process. The traveller

is ultimately placed in a permanent file as a record of actual de-

tail _ _o_ .... _ ....i .... +_ _ tr_ve!!cr informativL,

laboratory log books containing test data, log books containing

calibration records, and material certification files at receiving

inspection. The shop travellers are instrumental in establishing

quality criteria. Engineering drawings, test procedures, material

and process specifications, and their respective revisions are

prepared with the aid of the quality information on hand.

A.I Quality Assurance Program Requirements

Detailed quality assurance program requirements were spec-

ified in NASA-Lewis Document QA-Ia, "Quality Assurance Program Provi-

sions for Research, Test, and Development Projects," dated 13 July

1962, in EOS Report,3670-QAP-2, "Quality Assurance Plan - Revised,"

dated 22 January 1963, and in the clarifications noted under Task VI

of the work statement for Contract NAS3-5250. A quality program plan

meeting these provisions was generated at the beginning of the program.

This plan (EOS Report 4920-QAP-I, "Inspection and Test Plan," dated
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24 February 1964) provided the planning function for inspections and

tests conducted during the contract effort. Included in the test plan

were the equipment log and failure report formats used.

A.2 Quality Assurance Program Functions

Quality assurance program functions pertained to the overall

project activity and were not intended to be accomplished by any one

department or group. Specific quality obligations were imposed on

organizational elements other than the EOS Product Assurance Group

which retained responsibility for the execution of product assurance

policies and programs. A representative from Product Assurance was

assigned to the project to work together with these other organiza-

tional elements. The representative assisted these groups in per-

forming their quality assurance assignments. In this manner project

and quality activity were continuously integrated.

Appendix A of NASA-Lewis Report CR-54067, "Ion Rocket En-

gine System Research and Development," dated 28 June 1964, describes

these quality assurance program functions in detail.

A.3 Quality Assurance Program Information

Equipment logs were prepared and maintained for each of the

following:

DE-I engine

DER-I engine

DER-2 engine

DF-I engine

DF-2 engine

4923 S/N i feed system

4923 S/N 2 feed system

4923 S/N 3 feed system

4923 S/N 4 feed system

Over three hundred shop travellers were processed during

the contract period. Quality information contained on completed
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travellers was reviewed. Engine and feed system vellums were revised

in accordance with pertinent red-marks contained on the travellers.

Calibration data were recorded in a separate bound lab-

oratory log book. Test data were recorded directly in the equipment
logs.

Special processing instructions were issued for vacuum

brazing of tantalum to molybdenumwith palladium-cobalt filler
material.

Test procedure 4922-1, "Reliability Engine Component
Weights," was released.

Test procedure revision 3670-3B, "Magnet Coil Check, Air,"
was released.

"EOSIon Physics Electrical Laboratory Calibration Proce-
dures," revision C.P. 3670Awas released.

Section III.i, "Procedure for Installation of Zero-G Feed

System EauiDmedGasDischarge Kn_no Jn _7_,,,,m _r_]_exr" _6 "A===_KI,,

Cleaning and Operating Procedures for DE Engine System," was revised

and released.

A.4 Failure Reports

Ten failures were reported during the contract.period. Of

these, four were failures of vacuum or electronic equipment not sub-

ject to the quality assurance system. The remaining six failures

and corrective actions taken are summarized below.

(a) Orifice Plate

Continuous arcs between DER-I engine electrodes were ob-

served after 1/2 hour run time on 24 May 1964. A flaky, black sub-

stance was found in the electrode gap, the bottom of the anode, and

the cryogenic test chamber liner below the electrodegap. Sample

analysis of this substance indicated high titanium alloy content.

Engine inspection after test showed erosion on the cathode orifice

plate. This plate was machined from Ti-6AL-4V alloy per AMS 4928.

Drawing 703727 revision A was released specifying molybdenum

orifice plate material.
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(b) Acceleratin$ Electrode

DER-I engine drain currents increased to 23 ma on 26 May

1964 after 23 hours operation. Similarly, drain currents increased

to 15 ma on 6 June 1964 17-1/2 hours run time, and to 22 ma on 18

June 1964 after 20-1/2 hours run time.

Changing accelerating electrode material to copper led to

200 hours continuous operation with no increase in drain current.

(c) Lead Wire Connector

A DER-I engine cathode to anode short circuit was observed

on Ii July 1964 after 58 hours operating time. The short circuit

was between the anode and cathode pins in Deutsch connector DM5606-

37-3P-644.

Drawing 703762 revision B was released deleting anode and

cathode terminals in the connector.

(d) Masnet Terminal Connection

Arc fluctuations (make and break condition) were observed

with DER-I engine on 25 July 1964. The copper lead wire was loose

inside the Alite ceramic tube feedthrough magnet terminal.

Drawing 703708 revision D was released requiring the lead

wire to be crimped to the feedthrough terminal.

(e) Port Valve

Liquid cesium from the reservoir was forced into the anode

cavity during vacuum chamber roughing with DER-2 engine and 4923 S/N

2 feed system on 12 October 1964. Upon its removal from the chamber,

the port valve was found clogged with cesium. The same thing was

observed again with DER-I engine and 4923 S/N 2 feed system on 30

October 1964.

Drawing 703649 revision F was released substituting the

704513 port valve for the 703924-1 valve. The 704513 valve has a

larger bore, thereby minimizing clogging potential.
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(f) Reservoir Pumpdown

Liquid cesium from the reservoir was forced into the anode

cavity with DER-2 engine and 4923 S/N 3 feed system on 13 November

1964. The failure probably resulted from gas pockets which were

trapped in the solid cesium during vacuum chamber roughdown.

Section III.I, "Procedure for Installation of Zero-G Feed

System Equipped Gas Discharge Engine in Vacuum Facility," of "Assembly

Cleaning and Operating Procedures for DE Engine System" was revised

and released.
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